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ABSTRACT OF THESIS
A series of copolymers of diethyl vinylphosphonate and 
styrene have been prepared in order to determine the conditions 
of preparation required to produce copolymers having given 
characteristics of phosphorus-content and intrinsic viscosity. 
The variation of these factors and the degree of conversion 
with change of initiator concentration, temperature of 
polymerisation, and initial mole ratio of the reactants has 
been studied. These changes have been expressed graphically 
and indicate that (a) increase of initiator concentration 
decreases the intrinsic viscosity of the products and also the 
degree of conversion to the resultant copolymers, but has little 
effect on their phosphorus-contents (b) an increase in the 
temperature of polymerisation causes a decrease in the intrinsic 
viscosity and has a non-linear effect on the percentage 
conversion and phosphorus-contents and (c) an increase in the 
molar concentration of styrene in the initial reaction mixture 
leads to an increase in the number of these units which enter 
the copolymer, and increases the intrinsic viscosity and 
percentage conversion.
The monomer reactivity ratios for styrene (M^ ) and 
diethyl vinylphosphonate (Mg) have been determined and are 
found to bes r^ a 3,25 and Tg « 0, the graphical method of
Mayo and Walling being employed. The influence exerted by the 
phosphonic ester group on the course of the copolymerisation, by
way of electronic and steric effects, is discussed in the 
light of these values,
A selected number of the copolymers have been subjected 
to light-scattering measurements, whereby the weight-average 
molecular weights have been determined. These values have been 
correlated with intrinsic viscosity determinations - a linear 
relation between the logarithms of the viscosity and molecular 
weight being obtained5 the constants k and a in the Houwink 
expression relating molecular weight and viscosity being thereby 
evaluated for this system.
A copolymer containing by weight of diethyl 
vinylphosphonate has been hydrolysed and a preliminary survey 
of its viscosity properties has been made at various hydrogen 
ion concentrations and at differing degrees of dilution.
The work described in this Thesis was effected 
in the Chemical Research Laboratories of the Battersea 
Polytechnic, under the supervision of Dr. C.L. Arcus 
to whom sincere thanks are due for his kindly aid and 
valuable discussion* ;
Thanks are also expressed to Vinyl Products 
Limited for a scholarship, to the Director and Dr* 
Hookway for the use of a light-scattering photometer 
and ancillary apparatus at the Chemical Research 
Laboratory, and to Dr* Vaughan for valuable advice on 
the use of this instrument*
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CHAPTER I
THE ARBUZOV REARRANGEMENT
- 1~
THE PREPARATION OF DIALKYL ALKYLPHOSFHONATES BY THE
ARBUZOV REARRANGEMENT
Michaelis and Kahne (Ber., (I898) lO^ tR) found that the
reaction between triphenyl phosphite and methyl iodide gave
+ —
the crystalline methiodide (PhO)^PMel, which was easily
decomposed by water to yield the corresponding alkylphosphonate:
+ - ^OPh
(PhO) PMel 4  H O  — 4  MeP^O + HI +  PhOH
3 2
An extensive study of the reaction between a trialkyl 
phosphite and an alkyl halide was made by Arbuzov (Chem® Zentr., 
2 (1906) 16^0)• It was postulated that the reaction proceeded 
through the formation of an intermediate compound which then 
yielded a dialkyl alkylphosphonate, thus:
R0v RO RO.
\ ~ \
RO— .p +  R ’H a l  ^ R 0 ~ P R * H a l  £ 0 = ‘PR* 4 RHa'l (1)
B.0^ RO ^  R O ^
This reaction, termed the Arbuzov rearrangement, is, in its 
simplest form (i®e., when R1 is identical with R), thus an 
isomerisation.
Arbuzov (Ja Russ. Phys. Chem. Soc., 38, (1906) 687) was 
unable to isolate any intermediate compound when triethyl 
phosphite was heated with ethyl iodide, the reaction appearing
-2-
to proceed directly to the formation of diethyl ethylphosphonate* 
The induction period observed in such a reaction was, however, 
considered to be indicative of the formation of such a complex* 
Kosolapoff (,fOrganophosphorus Compounds,” John Wiley, New York, 
1950, p« 122) states that if the radicals OR in the intern- 
mediate are aliphatic, then the latter will break down spont­
aneously, and distillation of the reaction mixture will yield 
the final product* Kosolapoff (J* Arner. Chem* Soc*, 66 (19Mf) 
109) bas shown that if, in reaction (1), the radicals R and R1 
are different, then appreciable amounts of RP(0.)(0R) will be 
formed as a result of the interaction of unreacted trialkyl 
phosphite with the alkyl halide eliminated in the formation of 
R’PCOHOR)^. Experiments were performed in which this halide 
was removed from the reaction mixture as fast as it was formed, 
with the result that the yield of R'PCOHOR)^ increased* This 
has been verified by the work of Fo^rd-Moore and Williams 
(J* Chem* Soc*, 19^7, 1^65).
A study of the mechanism of the Arbuzov rearrangement 
has been made by Gerrard (J* Chem* Soc*, 1951, 2550), An 
investigation of the reaction between tri-2-octyl phosphite, 
prepared from (+)-octan-2-ol, and ethyl iodide revealed that 
(-)-2-iodo-octane was produced. This entails an inversion of 
configurations
The second stage of the reaction is considered to occur
by a bimolecular nuc'leophilic attack of the iodine anion, the 
electron affinity of the oxygen atom being increased by the 
positive charge on the phosphorus atom whereby alkyl-oxygen 
fission is encouraged# This view is supported by the obser­
vation that, during the similar reaction which occurs between 
tri-2-octyl phosphite and hydrogen chloride, 2-chloro-octane 
is formed with inversion of configuration (Gerrard, ibid# ?
19M+, 85).
Arbuzov and Kushkova (J. Gen. Chem., U.S.3.R., 6 (1936) 
283) extended the reaction by employing paraffin dihalides. 
Kosolapoff (J. Amer. Chem. Soc., 66 (I9M+) 109) gives two 
possible courses of reaction between a trialkyl phosphite and 
a paraffin dihalides
RO
v 4- -+ -1-
2 R O ~ P  f Hal(CH0) Hal — --> (RO) — M C H j  P —  (0R)o 4* 2 Hal/ 2 n 3 2 n . 3
RO
then, (2)
RO 0 0 OR
-k-
Alternatively,
R0V RO
RO — >P -h Hal(CH0) Hal * R0-~>P(CHo) Hal 4-  Haly  2 n y 2 n ’
RO RO
then, (3)
RO. RO 0
RO— >p(cH ) Hal + H a l -----* 'P + RHal2 n
/ \
RO RO (0Ho) Hal
£ n
Arbuzov and Kushkova (loc, cit•) isolated diethyl iodomethyl- 
phosphonate from the reaction between triethyl phosphite and 
methylene iodide. This would be the product of reaction (3) 
above. From experiments with ethylene dibromide, in which the 
evolution of ethyl bromide was used to follow the course of 
the reaction, Kosolapoff (loc, cit.) concluded that the reaction 
of primary dihalides can be controlled to give either the 
haloalkylphosphonate or the alkylidenediphosphonate, The 
course of the reaction is determined by the ratio of the 
phosphite to the dihalides when the latter is used in excess, 
the haloalkylphosphonate is the main product5 when the phosphite 
is in excess, almost complete disubstitution occurs.
The haloalkylphosphonates may be dehydrohalogenated with 
conventional reagents to yield the corresponding unsaturated 
compounds. Thus, Fo<prd~Moore and Williams (J, Chem, Soc., 19 7^? 
l*+65) obtained diethyl vinylphosphonate from diethyl 2-bromo-
-5-
ethylphosphonate by using triethylaminei
0 EtO .0
\  / f t + —
BrCH0CHoP —  OEt H~ NEt. -- - - > 'P +■ NHEt.Br
2 2 v 3 /  \  3
OEt EtO 'CH=CH„
Kosolapoff (J. Amer, Chem, Soc,, 20. (19^ 8) 1971) obtained the
same compound by employing alcoholic potassium hydroxide 
solution,- The reaction most probably occurs by an E^ mechanism!
OH H20
H ,0 ,0 ,0
i #  f ) .  /  / /
CH„--C~P— OEt---» CH_— C - P —  OEt ----» C H ^ C H  —  P— OEt +  Br
I 2 I \  f  \ 2 I \  2 \
Br H 'OEt ^Br II OEt OEt
THE HYDROLYSIS OF PHOSPHORATES
Gerrard, Green, and Nutkins (J, Chem, Soc., 1952, *+076) 
have studied the mechanism of the hydrolysis of di~2~octyl~ 
phosphonate (prepared from the (-)-alcohol) in both acid and 
alkaline media, dilute aqueous and alcoholic solutions being 
employed in each instance. The authors concluded that, from the 
degree of retention of configuration of the octan-2-ol formed, 
acyl-oxygen fission occurs in alkaline, and alkyl-oxygen fission 
occurs in the acid hydrolysis of the phosphonate. That octan- 
2-ol was produced in the acid hydrolysis suggests that this 
occurs by a bimolecular alkyl-oxygen fission process, i.e,, a 
solvent molecule attacks the protonated ester to yield the
- 6 -
phosphonic acid and the protonated alcohol. The figures quoted 
in this investigation indicate that, at the concentrations 
employed, the rate of hydrolysis is small in both acid and 
alkaline media,
A study of the hydrolysis of diethyl vinylphosphonate 
(Matthews, M,Sc, Thesis, 1953) "by potassium hydroxide in ethyl 
alcohol and in diethylene glycol, indicated that the reaction 
came to a virtual standstill when the moon-potassium salt had 
been formed. Hydrolysis by an acyl-oxygen fiqsion mechanism 
would take the course;
R
\ /
0
I
OEt
+ OEt
OH
R OEt
h20 +
\  /
o— P
SI
0
(I)
OEt + H20 JZZ? . OH 4- EtOH
Alternatively,
-7-
It was considered that the negative charge on the anion (I) 
effectively repelled the hydroxyl ion required for the second 
stage of the hydrolysis and so caused the marked retardation 
of the hydrolysis process.
The same study showed that acid hydrolysis with b8% 
hydrobromic acid resulted in the formation of the dibasic acid. 
The evolution of ethyl bromide during this process was considered 
to be consistent with an alkyl-oxygen mechanisms
/ %  4* _
H — B r    * H 4- Br
R OEt R OEt
/ \ /p— o  -i P-=0
+• I I
H :0~Et H— 0— Et
4 •
4-
R OEt R .OEt
\ / \ / +
p —  o  * F = 0  4- Et
I I
H— 0— Et H~0:
m v ,
4
4
Et 4- Br ----------------- *  EtBr
Kosolapoff (J. Amer. Chem. Soc., 66 (19I+i+) 15115 62 (19*+5)
22 59) bas recommended this method of hydrolysis, and the 
successful production of a number of phosphonic acids from their 
esters has been reported.
The production of alkyl halide in the dealkylation of 
di~2~octylethylphosphonate by gaseous hydrogen halides (Gerrard, 
et al. loc. cit.) again indicates the occurrence of an alkyl-
■8-
oxygen fission process, Thus, for example, in the dealkylation 
of diethyl vinylphosphonate hy hydrogen bromide (Matthews, loc* 
cit,) it is thought possible that hydrogen bromide itself may 
be the reagents
BrH 
R
R .OEt
\ /\ /
p~0
i
:0~Et
OEt
\ /
P — 0
H— p — Et BrH
Br
R
R .OEt
\ / 
P~o ■;i
H— 0— Et 
+
OEt
\ / 
P--0
H— 0 '4- EtBr
+
H
but the mechanism, involving alkyl-oxygen fission, remains 
essentially the same as for the aqueous hydrolysis, A ter- 
molecular reaction of the following type, derived by a comb­
ination of the two bimolecular stages shown above, may make a 
considerable contribution to the overall processs
Br — H
R^ OEt
>-•*0
j
A 0— Et Av-
R 70Et
\ / 
P~0
Br ~H Br H- 0 -t- EtBr f H
CHAPTER II
ADDITION POLYMERISATION
•m^ sM
HISTORICAL INTRODUCTION
Although the polymerisation of ethylene derivitives 
such as styrene and vinyl chloride was discovered in the middle 
of the last century, it is only in the last three decades that 
the chemistry of high polymeric substances has become an 
independent branch of chemical science* Before this time the 
chemistry of polymers was a minor, almost incidental, branch of 
preparative organic chemistry* Gradually, however, interest in 
the mechanism of polymerisation processes was aroused* 
Ostromysslensky (J. Russ* Ihys* Chem* Soc*, bh (1911) 20*+! *+2
(1915) 1^ 725 1+8 (1916) 1132) investigated the polymerisation
of vinyl chloride and isoprene, and was the first to express an 
opinion as to the mechanism of the reactions he had studieds 
he mentions a ^step-wise synthesis of rubber-like substances.1* 
Later, Staudinger, (Ber*, (1920) 1081) postulated that, 
during polymerisation, an aggregation of numerous molecules 
occurs **until an equilibrium between the individual large 
molecules is established, which may depend on temperature, 
concentration, and solvent*” He assumed that, at the ends of 
the long chains formed by this aggregation, free chemical 
valencies existed* Because of the length of the chains, 
however, these were not supposed to be very reactive. It is 
now known that, in most polymerisation processes, equilibrium 
is not established and that free valencies at the ends of the 
chains are normally saturated by some type of chain-breaking
—lO*"*
mechanism*
The rapid, growth, at this period, of studies of the 
kinetics of gaseous reactions had a substantial influence on 
the understanding of the processes of polymerisation reactions, 
and led to the bel&ef that chain reactions were responsible for 
the growth of polymer molecules* Qualitative statements to 
this effect were made by Carothers (Jo Liner* Chem. Soc*, 2 k  
(1929) 25*+8, 2560), Meyer and Mark (s,Der Lufbau der hoch- 
polymeren organischen Naturstoffe,” Leipzig, 1930) and by Whitby 
and Katz (J. Lmer* Chem. Soc*, ^0 (1928) II6O5 Canad* J. Res*,
Jf (1931) 3^)o Staudinger (Her., 62 (1929) 25W had by this 
time modified his earlier theories, abandoning the conception of 
the existence of free valencies at the ends of growing polymer 
molecules and postulating the formation of large cyclic 
structures. He did, however, maintain the idea of the estab­
lishment of an equilibrium in the polymerisation process*
Whitby and Katz (loc. cit*) were the first to follow, in 
a really quantitative manner, the course of a polymerisation 
reaction, but their results did not permit any far-reaching 
conclusions to be dram*, The next attempt was made by 
Starkweather and Taylor (J® Liner© Chem© Soc*, (1930) *+708) 
who investigated the polymerisation of vinyl acetate with and 
without a catalyst. They found that the reaction was sensitive 
towards certain inhibitors and that this was in agreement with 
the concept of a chain reaction* Taylor and Vernon (J. Lmer.
-11-
Chem. Soc*, (1931) 2?27) studied the photopolymerisation of 
vinyl acetate and styrene and investigated effects due to the 
presence of oxygen, inhibiting agents, and the variation of 
temperature and concentration. As djresult of these experiments 
the authors concluded that the polymerisation of these two 
substances takes place by way of a chain reaction. The 
absorption of one light quantum activates one molecule which, 
in collision with other non-activated molecules, adds the 
latter in an exothermic reaction* It was considered that, in 
this manner the activation energy is continuously regenerated 
at the end of the molecule during the propagation of the chain0 
Chalmers (J. Lmer. Chem. Soc., $6 (193*+) 912) collected 
together the experimental data available at that time and 
expanded them into the first theory of the kinetics of polym­
erisation reactions. He postulated two different mechanisms 
for the formation of long-chain moleculess
(a) The step-wise synthesis of long chains by a succession 
of steps which are all similar to each other, and 
(b t h e  chain mechanism o^ mrri. sine a slow initiation
reaction which is followed by a large number of rapid 
reactions in the propagation process.
Chalmers considered the second mechanism to govern the polym­
erisation of vinyl derivitives. He stated that the chain 
mechanism, which can be expressed in an approximate, fashion by 
a first order equation, would give a satisfactory representation
-12-
of the few experimental results then available•
The problems of polymer kinetics were then taken up by 
many workers, particularly by Mark, Dostal, Gee, Melville, 
Flory, Wall, and Marvel* L s a result, the subject expanded 
rapidly and led to our present knowledge of polymer chemistry*
- 13-
ADDITION POLYMERS: THEIR STRUCTURE AND FORMATION
In its simplest form a polymer molecule consists of a 
series of structural units linked together by homopolar bonds 
to form a chain molecule* Polymeric substances prepared 
synthetically differ from simple organic compounds in that they 
do not consist of a collection of identical molecules, but are 
composed of chains of different lengths* These chain-lengths 
follow a definite distribution law governed by the nature of 
the polymerisation process* Individual chains possess different 
molecular weights, and molecular weight determinations carried 
out on whole samples will necessarily yield only average values*
Further diversions from conventional organic molecules 
occur in the detailed structure of the polymer chains* Thus 
branched chains and cross-linked chains may be formed* The 
presence of such structures influences the molecular weight 
distribution, and they may be detected by their effect on the 
physical properties of the polymer.
The phenomenon of addition polymerisation occurs mainly 
with certain classes of unsaturated compounds: olefins, olefin
oxides, acetylenes, and certain aldehydes* The most widely 
studied polymers have been obtained from the vinyl compounds,
CHg — CHX* They are formed by an intermolecular reaction of the 
monomer units without the elimination of atoms or groups. In 
most cases this reaction requires some form of catalysis to
- I l f -
to initiate the chain*
If branching and cross-linking of the polymer chains is 
neglected, then structural variations can occur according as 
the monomer units link together in a regular or random fashion* 
Thus with a monomer of the type, CH^-CHX, two regular 
arrangements are possibles
1. Head-to-tail —  CH —  CH—  CH0- CH+- CH0- CH —2 , 2 | 2 j
X X X
2* Head-to-head,
- CH — CH- CH - CII_ ~ CH_ - CH - CH - CH - 
tail-to-tail 2 i i 2 ! I
X X  X X
Random structures of the type
-CH - CH — CH0— CH — CH — CH0—  CH— CH -■ CH0—  CH-CH0-C | U j Cm
X X X X X
are also possible, A knowledge of the structure which will 
predominate in any one case cannot be predicted from the nature 
of the monomer. The configuration of the polymer can only be 
determined by a search for specific structures by the methods of 
organic chemistry supplemented by physical measurements, In the 
majority of cases the head-to-tail type of configuration 
predominates,
A few olefinic substances such as styrene and vinyl 
acetate polymerise slowly at ordinary temperatures when in the
-15-
pur e state0 The majority of polymerisable olefinic compounds, 
however, require some form of activation to promote polymer­
isation® This activation can generally be supplied in one of 
three ways, (a) by photochemical methods (b) by thermal means 
and (c) by the use of a catalyst© The latter can be further 
sub-divided into (i) ionic catalysts and (ii) free-radical 
catalystsa For the present purpose only the free radical 
catalysed form of initiation vail be considered.
Initiation by means of free radicals may be carried out
by their direct introduction into the system. The most general 
method, however, is the addition of such substances as organic 
peroxides under conditions in which they are known to decompose 
into free radicals. A third variant of this form of initiation 
was first demonstrated by Jones and Melville (Proc. Roy. Soc., 
A137 (19*+6) 19) who showed that polymerisation in the vapour 
phase may be induced by the photo-decomposition of acetone:
CH^COCH^ 4- hV --- 4 «CH3 4- CH^CO* -- 4-2 4* CO
These workers also initiated the polymerisation of methyl vinyl 
ketone by the photo-decomposition of the monomer itself:
CHCOCHL +■ h v
CHCO
CH f*CH* 4 •COCHj
Radicals initiate polymerisation by the interaction of
■16'
the odd electron on the free radical with that ^  electron on 
the double bond x^ hich has a spin opposite to that on the free 
radical* A normal covalent bond is then eventually formed* 
Simultaneously, the second Tf electron (having the same spin as 
the one on the free radical) is repelled to the far end of the 
molecule, thus generating a new free radical* Growth then 
occurs by a series of similar reactions* If R* represents a 
radical, formed, for example, from the dissociation of a 
peroxide, the overall reaction may occur in either of two ways:
R9 +  CH2» C H X ------ > •CH2— CHRX * . . . . . .  (1)
(I)
Generally, the reaction according to mechanism (2) is the more 
probable since radical (II) is stabilised by resonance with the 
substituent X to a greater extent than is radical (I)« If, for 
example, X is a phenyl group (ioe*, the radical is derived from 
styrene) then the radical (II) has the following canonical 
structures s
R* + CH2=CHX ■* RCH2-~CHX9
(II)
(2)
RCH2—  CH RCH2—  CH RCH2~  CH
7  °°
whereas with radical (I) the additional resonance with the 
phenyl group is inhibited. Since radical (II) has the lower 
energy, by virtue of its resonance stabilisation, the initiation 
process will occur preferentially by mechanism (2)» Either of 
these reaction mechanisms necessarily assumes that catalyst 
fragments will be present in the final polymer molecule. The 
presence of such fragments was confirmed by Price and his 
co-workers (J. Amer. Chem. Soc., (19^ 2) 1103s 6g (19^ 3) 517) 
by using bromine-substituted benzoyl peroxides as catalysts. 
Benzoyl peroxide itself dissociates in solution at 70°- 100° 
into phenyl and benzoate radicals (Nozaki and Bartlett, J# Amer*. 
Chem, Soc,, 68 (19^ 6) 1686),. Substituted benzoyl peroxides 
behave in a similar manner. In a number of cases, the presence 
of catalyst fragments at both ends of the polymer chain has been 
demonstrated® Evans (J, Chem, Soc,, 19^ 79 266) has employed 
this fact in a method for the measurement of molecular weights 
by end-group determinations. This procedure can, however, only 
be used when the precise kinetic nature of the polymerisation 
process is known.
The initial free radical or activated monomer molecule 
is normally sufficiently reactive to add further monomer 
molecules very rapidly, that is, the majority of collisions 
result in combination. These addition processes are exothermic 
and are therefore capable of regenerating the reactivity of the 
free radical or activated molecule. Because of its comparatively
low requirement of activation energy, the propagation process 
proceeds much more rapidly than the initiation reaction, and 
thus sufficient time is available for the formation of long 
chains before any termination step (see below) becomes probable. 
As shown above, the most likely form of initiation leads to the 
formation of a radical of the type (reaction (2)
above). In the succeeding steps, propagation may occur in 
either of two ways:
Head-to-tail
RCH^—  CHX* 4 CH2=*CHX RCH CHX— CH *—  CHX* . . .  (3)
(III)
Head-to-head
RCHg— GHX« +  CHgSpCHX --------» RCH„— CHX — CHX —CH2* . . . (k)
If reaction (4) takes place, then a further propagation process 
may occur:
Tail-to-tail
RCH2—  CHX-CHX— CH2* 4- CH2=CHX
 ...» RCH2—  CHX— CHX— CH2—  CHg—  CHX* . . . . .  (5)
(IV)
In the above reaction, the 'tail1 of the molecule is considered 
to be the terminal methylene group. It can be seen that the
- 19-
resonance energy of the initiating radical and that of the 
radical formed, in the head-to-tail process, mil be the same 
and so no change in energy will be involved,, With reactions 
(*+) and (5), however, a change in energy does take place# In 
reaction (*f) the resonance energy of the radical formed will be 
less than that of the initiating radical and in reaction (5) it 
will be more# Thus if stereochemical influences are ignored, 
tail-to-tail growth is the more probable, from the point of 
view of energy changes, than head-to-head growth.
Once a radical having a terminal CH^— CHX® group (e.g.,
(Ill) or (IV)) has been formed, it grows preferentially as a 
head-to-tail structure because this preserves the more stable 
radical ending. If the stabilising influence of the substituent 
X is not very groat, then the rate of head-to-tail propagation 
may not be very much greater than that of other processes. In 
such cases a small percentage of head-to-head and tail-to-tail 
structures may be found in the polymer. Thus, Clark and Blont 
(J. Polymer Sci., 1 (19*+6) *+19) have shown that a small 
percentage of groups in poly(vinyl acetate) are arranged in other 
than simple head-to-tail form.
The structure of the monomer molecule itself has a great 
influence on its tendency to polymerisation. Thus, although 
ethylene only polymerises with relative difficulty, substitution 
of some of the hydrogen atoms with certain other groups greatly 
increases the polymerisabiiity. Mayo and Walling (Chem. Reviews.
20-
46 (1950) 251) state that the effects of 1-substituents in 
increasing the reactivity of the monomer towards attacking 
radicals are in the orders
-C6Hj > ~CH^CH2 > -COCH^ > -CN > -COQR
> -Cl > -CH9Hal > -0C0CH3 > -OR
A methyl group is stated to generally increase reactivity, thus:
reactivity of 
methyl methacrylate
reactivity of
and '
methacrylonitrile
Some of these conclusions were first published by Nozaki 
(J. Polymer Sci., 1 (1946) 455)• Ike order given above is in 
good agreement with the order of stabilities of the radicals, 
formed by an attack of R* on these monomers, which would be 
expected on the basis of the number and importance of the 
contributing resonance structures. Mayo and Walling (Chem. 
Reviews, 22 (19 +^0) 35D concluded that the reaction which will 
take place most readily will be that one which leads to the 
most stable radical as product. The benzyl radical may be 
assigned four structures having the odd electron on the a-, 
ortho-, or para-carbon atoms, as shown on page 16. Alfrey and 
Sbelke (J. Amer. Chem. Soc0, 21 (19^ +9) 3235) pointed out.
than that of
>
methyl acrylate
than that of 
acrylonitrile.
-21-
however, that when steric hindrance prevents the side-chain 
from lying in the plane of the benzene ring, those resonance 
structures having the odd electron situated in the nucleus 
cannot readily be formed* L single ortho-chlorine atom increases 
the reactivity of styrene while a second such chlorine atom, 
which precludes the side-chain from lying in the plane of the 
benzene ring, considerably reduces the reactivity.
If the free radicals at the ends of the growing polymer 
chains could react only with further monomer, as depicted above, 
then it is probable that the propagation reaction would proceed 
until all the monomeric material had boon consumed. In practice 
this very rarely occurs, because of the interference of a third, 
or termination, reaction which halts the growth of the chains.
The reactivity of the free ends of the growing polymer chains 
is such that they can react in ways other than in the normal 
propagation reaction; thus one chain-end can react with another 
or with an impurity and the growth of the chains is terminated*
In any particular instance it is difficult to decide which is 
the predominating mechanism. Extensive kinetic studies have 
revealed that in the majority of cases the termination reaction 
is a birnolecular process and is most probably of the type in 
which the free radical ends of the chains react with one 
another. Two such birnolecular terminations can occurs
1. R — CH„— CHX* -f R — CHg— CHX’ --- > R-CH^—  CHX—  CHX— CH„~R
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involving the union of the radicals by a coupling or combination 
mechanism, and *
2. R— CH2— CHX* + R— CH2— CHX*
------- > R-CH2— CH2X 4 R~CH~CHX
This involves the transfer of a hydrogen atom, by a 
disproportionation mechanism, giving a saturated molecule 
together with a molecule having an unsaturated terminal group*
A distinction between these two mechanisms can be made 
if it is possible to establish whether the polymer molecule 
one or two catalyst fragments, or that half the molecules have 
unsaturated terminal groups. The disproportionation mechanism 
also leads to a lower average molecular weight. In a study of 
the polymerisation of methyl methacrylate induced by hydroxyl 
radicals, Baxendale and Evans (Trans. Faraday Soc., 42 (1946) 
668) have shown that the combination mechanism is predominant 
and that each chain possesses two terminal hydroxyl groups.
CHAIN TRANSFER
In addition to the normal chain propagation processes, 
the activity of the growing polymer chain may be transferred to 
a non-activated monomer molecule, or, if the polymerisation is 
carried out in solution, transfer of activity to solvent 
molecules can occur. This phenomenon is termed chain transfer.
-23-
the concept being introduced by Flory (J. Liner. Chem. Soc., 
59 (1937) 2 b l)m  When chain transfer takes place, tho newly 
activated monomer or solvent molecules can initiate further 
chains but the average molecular weight of the product is 
naturally decreased. Typical chain transfer processes ares
1. Transfer with monomer
R-CHg— CHX* 4- CH?=rCHX ---4 R—  CH^— CH^X 4 *CH-CHX
2. Transfer with solvent
R —  CH0— CH* +  S —  Y   R-CHm— CHY 4 S
2 i 2 i
X X
The new chain, if derived from transfer with monomer, would not
contain any catalyst fragment. If, however, the new chain is
derived from solvent transfer then it would contain fragments 
of solvent molecule. This has been verified by Breitenbach and
Maschin (Z, physika'l Chem., LI 8 7 (19*+0) 175) for the
polymerisation of styrene in carbon tetrachloride. Chain 
transfer occurs very readily in this solvent and Bamford and 
Dewar (Proc. Roy. Soc., LI92 (1948) 329) have employed the 
reaction for the determination of average molecular weights.
The following mechanism is postulated for the reaction:
-2k-
R— CH2—  CHX* +  CCl^ > R— CH2— CHXC1 +  °CC1,
•CCl, 4- C H ^ C H X  -----> Cl^C-CHg—  CHX*
------ * C13C(CH — CHX)n- CH2-CHX»
C10C(CH„~ CHX) — CH0~CHX* 4- CC1,3 2 n 2 4-
----- > Cl_C(CH —  CHX) —  CH —  CHXC1 +  C1-.C*3 2 n 2 o
If, in the solvent transfer process, the radical S* is not an 
effective chain initiator then these radicals will destroy1 
one another by dimerisation and the solvent may be regarded as 
an inhibitor*
THE EFFECT OF OXYGEN ON POLYMERISATION
Staudinger (Ann., *+88 (1931) 331 Helv. Chim. Acta,
6*+ (1931) 2091) has shorn that during the photopolymerisation 
of vinyl acetate, and acrylic acid and its esters, the presence 
of oxygen produced a marked inhibiting effect. This was ascribed 
to the formation of peroxidic compounds due to the interaction 
of photoactivated monomer molecules and chxygen.
The effect of oxygen is also noticeable in thermal 
polymerisations Staudinger and Urich (Helv. Chim. Acta, 62 
(1929) 1127) demonstrated that, when methyl methacrylate is 
heated at 100° in the absence of air, no polymerisation occurs 
but it commences immediately when air is admitted.
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Barnes (J. Liner, Chem, Soc., 62 (19J+5) 217) investigated 
the interaction between oxygen and a large number of vinyl 
derivitiveso In all cases oxygen was absorbed and the presence
w
of peroxidic compouds was detected*, Oxygen can thus function 
in two ways. Firstly, it can deactivate chains by the formation 
of stable peroxides and secondly, it can form thermally unstable 
peroxides which will initiate polymerisation. The course of 
reaction which actually occurs depends on the concentration of 
oxygen, its accessibility to the monomer, and the temperature,
Ln increase in the latter causes the rate of peroxide formation 
to rise, and, duo to the increased instability of the peroxide 
at the higher temperature, more active centres are formed than 
can be destroyed by the oxygen presents polymerisation then 
ensues.
The reaction of oxygen with a polymer chain, in which 
the extraction of a hydrogen atom results in the presence of an 
odd electron, may lead to branching, cross-linking, and 
depolymerisations
(CH2— CHX)n— CH2— CHX—  (CH2— CHX)n -f 02
------ » (CH2—  CHX)n— CH2—  CX-(CH2— CHX)n + *00H
BRANCHING. CROSS-LINKING. AND DEPOLYMERISATION
The phenomenon of chain transfer, in which the reactivity 
of a growing polymer chain can be transferred to a monomer or
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solvent molecule, has already been described* The reverse 
process can also take place where an active monomer or free 
radical can transfer its activity to a ’dead* polymer molecule* 
This transfer can take place at any point along the length of 
the polymer chain* Attack by a free radical is, however, most 
likely to occur at a tertiary bonded hydrogen atoms
(CH2— CHX)n— CH2— CHX— (CH2—  CHX)n + R*
 (CH2— CHX)n—  CH2~CX —  (CH2— CHX)n +■ KH
Then, the formation of a branched molecule by the reaction of 
monomer with such an activated chain may be represented ass
(CH2—  CHX)n—  CH2—  CX—  (CHg- CHX)n -f CH =  CHX
----- * (CH2 —  CHX)n—  CHg— CX—  (CII2—  CHX)n
CHg— CHX0
Continued growth of the branching chain can then occur in the
normal manner*
The formation of a reactive point may also take place by 
the collision of two chains at their active endss
(CHg—  CHX)n—  CH2—  CHX* 4- •CHX-CH2 — (CH2-CHX)n
 5 (CH2—  CHX)n—  CHg—  CH2X +  CX— CH2— (CHg— CHX)n
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The probability of this typo of collision occurring would, 
however, he very small and the former mechanism should be more 
favourable.
Cross-linking (in the absence of any added cross-linking 
agent) occurs when two radicals combine in the following manner:
(CH0—  CHX) —  CH0— CX -  (CHo -CHX) cL n c. e d. n
-f (CH2—  CHX)m—  CH2— CX™ (CH2-CHX)n
(CH? — CHX)n- CH2—  CX —  (CH2 ~CHX)n
 ------ 3*
(CH2 — CHX)n~  CH2— CX —  (CH2—  CHX)n
However, because of the steric requirements of this combination, 
it is rather a rare process in the polymerisation of vinyl 
monomerso There is a much greater probability of cross-linking 
occurring in the polymerisation of dienes since there is the 
additional possibility of reaction between the polymer radical 
and the double bond of an adjacent chain.
If only a very few cross-links occur between comparatively 
short chains, then this type of cross-linking will be 
experimentally indistinguishable from a branched chain. 
Considerable cross-linking between long chains invariably leads 
to an insoluble product, whereas even after a great deal of 
branching the polymers are usually still soluble. The rate of 
solubility is, however, very sensitive to even small amounts of 
branching, and decreases markedly with increasing branching in
the molecules*
Depolymerisation is the reverse of the polymerisation 
process and can occur in the following manner;
(CH2— CHX)n—  CH2—  CX —  (CH2— CHX)n
 > <CH2-CHX)m-1— CH2-CHX* -h CH2 *fCX —  (CHg— CHX)n
The break can occur at any place along the chain and may be 
followed by further splitting of the radicals formed. The 
process is thus a chain reaction. During high temperature 
polymerisation, depolymerisation may offer serious competition. 
Tobolsky and Mesobrian (J. Liner. Chem, Soc., 62 (19^ 5) 78?) have 
shown that both processes can occur when high molecular weight 
styrene is heated, in the presence of a small amount of air, at 
100°, and that a steady state is attained.
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THE GENERAL KINETICS OF ADDITION FOLYMERISATION
In formal chain reaction theory, the method of the 
stationary state is used; this method was introduced hy 
Bodenstein (Z, physikal Chem., 8J2 (1913) 329)* In the 
stationary state the reaction is proceeding at a constant rate, 
and molecules of any reaction-intermediate are destroyed at the 
same rate as they are formed; the (small) concentration of the 
reaction-intermediate remains constant. Thus if C^  is such an 
intermediate, then d[C^]/’dt is zero, and C^ is present in a 
concentration which is independent of time; this concentration 
cannot always be measured experimentally, but it is usually 
possible to determine the rate of formation and destruction of 
C^  in terms of the initial reactant concentrations. If, then, 
d[C^]/dt s 0, this forms a differential equation for Cj_ which, 
on solving, gives the stationary concentration of the latter 
throughout the reaction.
Consider now an uncatalysed polymerisation, and neglect 
any transfer reactions. The experimental facts are consistent 
with the following mechanisms
-30-
kl
2 M
4~ M
M- +■ M
^ 2M' INITIATION
k,
k2
PROPAGATION
M *, +• M----— ■---- » M*n-1 n
k2
k3
M* -4- M* —  » M _ TERMINATIONm n n -m
where M represents a monomer molecule and k represents the rate 
constants. It is assumed that the propagation rate constants 
are independent of chain length and that termination occurs only 
by a combination reactions
Let [Ch] be the total concentration of all free radicals,
then.
[C ] = ^(M*)
At the stationary state, the rate of formation of free radicals 
will be equal to their rate of disappearance$ thus
21^  [Mr = k3 [c.]
1
/ k 
/ 1C1[C,] = j J l j [M] . . . . . .  (1)
k.
Also the rate of conversion of nononer to polymer is given by 
d[M]
_ _  - kp [C±] [M]
dt
substituting for [Ch] from (1)
a[M] /k ^
k J  -1 ] [M]2 .............(2)
dt fo
Introducing the kinetic chain length 5 (which in this case is 
equal to the average degree of polymerisation F ) we have?
velocity of growth
velocity of termination
n2 [ o p  [ W  
k3 [ o p 2
substituting for [Ch] from (1)
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Consider now a peroxide catalysed reaction. Again 
neglecting chain transfer reactions and assuming unimolecular 
initiation? the reaction sequence is;
k-j
CAT  ^ R* INITIATION
kp
R* + M  ----:--» M£ 'j
k2 j
M* 4- M ------- * MI
d- V PROPAGATION
kp
M % 4- M   ■» M°n-1 n
k3
Ml 1 Ml — * M __ TERMINATIONm n 1.1 i-n
where CAT represents the catalyst and R* represents a radical 
produced hy the decomposition of the catalyst. Termination is 
again assumed to occur hy a combination reaction only.
As before^ let [C^ ] be the total concentration of all 
free radicals5 then9
[op a C (MA}
At the commencement of the reaction^ [C^ ] increases as radicals 
form from the breakdown of the catalyst. When the stationary 
state is attained9
kx [CAT] a- k3 [C.]2
The rate of conversion of monomer to polymer is given by:
d[M]
   ~ k [C.] CM]
dt  ^ 1
Substituting for [C.] fron (*f)
i
d[M] / k. 'f i
  = kJ _i 1 [CAT] [M] . . . (5)
3/
As beforej the kinetic chain length 6 (again P ) is given by
k9 [C.] [M]A   C. X
k. [C.]2
b i
substituting for [C^ ] fron ( k )
k2 [M]
r ---- r- -----  ^ - -- © » tf> « G *
(kps ) *  [CAT]'®'
(6)
Equation (5) shows that tho rate of polymerisation is 
proportional to the square root of the catalyst concentration. 
Equation (6) shows that the kinetic chain length is inversely 
proportional to the square root of the catalyst concentration.
- 3 ^
The schemes presented above do not take into 
consideration the concept of chain transfer. Consider now the 
following reactions?
lcTM
M° -f M 1 M 4~ transfer with monomern n 1
TS
M# 4- S —  M + B* transfer with solventn n
where S represents the solvent molecule.
The kinetic chain length (or p ) is now given by
Pn
velocity of growth
velocity of termination by all processes
lt2 [c.l [M]
k3 [Cp2-)- kTM [C.] [M] h- kJS [Cj_] [S]
(7)
Inverting equation (7)
x k3 [C.] +  kTM [M] + k^g [S]
pn k2 [M]
and substituting for [C^ ] from equation ( b )
1 (kk,)^ [CAT]* kTM kTn [S]
- = _ U ---------- + _TM _To   . . .  (8)
k2 [M] k2 k2 [M]
Substituting for [C/| from equation (1) yields for the 
uncatalysed reaction:
JL
= (kik3^ + + ^TS ^2.  (9)
Pn k2 k2 k2 [M]
When solvent is absent the last tern reduces to zero and the 
average degree of polymerisation Pq, is given bys
L  B <kxk3} [CkT]  (10)
r  ‘ + .........
for the catalysed .reaction and
1 - (klk3) , ^ ’M  (ID
PQ k2 k2
for the uncatalysed reaction.
In the case where a solvent is present, equations (9) 
and (11), relating to the uncatalysed reaction, reduce to:
L  = L  +   (12)
Pn Po k2 [M]
This expression has been verified by Mayo (J. Lner. Chem, Soc,? 
65 (19^ 3) 232^ ) for styrene in a number of solvents 5 linear 
plots of [S]/[M] versus 1/Pn were obtained.
C 0 P 0 L YMBRIS AT I OBI
When the polymerising mixture consists of two or more 
monomers, then the polymer so formed will,;in general, consist 
of chains containing units of each of the monomers« Such a 
reaction is termed copolymerisation and the product a copolymer*
The first deliberate copolymerisation was carried out by 
Bayer's of Leverkusen (B.F., 27,361/1911)• The preparative 
aspects of copolymerisation of vinyl derivitives and of dienes 
were further studied by Kondakov (Rev* gen® chem® Russ*, 15 
(1912) 1+08), A schan (Finska Vetenskapen Soc., Helsingfors, 
Oversigt, 58 (1915) 122), Hofmann (U.S.!*, 1,068,770/1913), 
Klatte (Austrian P., 70,3^ -8/191*+), Ostromisslensky (J. Russ. 
Phys* Chem. Soc., kS (1916) 1071, 111*0, and Plauson .. ... 
(B.P., 156,118/1918).
During this early period no investigations were made of 
the actual mechanism of copolymerisation* However, these 
investigations did indicate that marked differences existed in 
the extent to which various monomers copolymerised with each 
other* In addition, Voss and Dickhauser (G.l ., 5*+0,101/1930) 
found that compounds such as maleic anhydride, which do not 
themselves polymerise, copolymerise readily with styrene and 
vinyl chloride. Similarly, Hopff and Steinbrunn . .,
(G-.Po, 671,378/1939) showed that a mixture of isobutylene and 
diethyl fumarate, neither of which polymerises readily by 
itself under the given conditions, yielded a high molecular
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weight copolymer having the monomers present in a ratio of 1:1* 
regardless of which monomer was in excess in the original 
monomer mixture. It was also observed, by Staudinger and 
Schneider (Ann., 5*4-1 (1939) 151) that the individual monomers, 
in the copolymerisation reaction, were being consumed at 
different rates and that the copolymer formed initially was 
different in composition from that formed in the latter part of 
the reaction. Further addition of the more rapidly consumed 
component was found to produce a more uniform product.
The first theoretical approach to copolymerisation was 
made by Dostal (Monatsh., 65? (1936) *f2*+). He postulated that 
the behaviour of an active chain-end was independent of both the 
length of the chains and their composition and depended solely 
upon the terminal unit. In the propagation process of a two 
component system, therefore, there would be only two types of 
active centre and hence four distinct propagation reactions, 
i.e., each type of terminal group can react with either of the 
two monomers s
ii
Mi 4- Mi
Mi m2
M* H- M*
M* -1- U1
k12
k22 / • • • • • •  (13)
m:2
k21
-5-
where and represent the nononers and M® and M| represent 
chains terminating in and units respectively, k^2 (f°r 
example) represents the rate constant for the addition of 
monomer M2 to a chain terminating in an unit. Using these 
equations, Dostal was able to derive expressions for the rate 
of polymerisation and the composition of the copolymer chains.
Ho was not, however, able to devise an experimental check.
The study of the copolymerisation of styrene and methyl 
methacrylate by Horrish and Brookman (iroc. Roy. Soc., A171 
(1939) 1^7) yielded sufficient data for then to make a • 
theoretical analysis of the copolymerisation process. It was 
again assumed that only the terminal group of the growing chain 
influenced the rate constants of the four propagation processes 
proposed by Dostal (loc. cit.). The assumption was also made 
that the steady state concentration of all free radicals 
depended solely upon the catalyst concentration and was 
independent of the monomer concentrations. This was found later 
to be an over-simplification and did not yield a satisfactory 
explanation of the experimental data.
The next theory was advanced by Wall (J. Amer. Chem. Soc., 
63. (19^ 1) 1862) who made the simplifying assumption that there 
was no difference between the two types of growing chain present 
in the polymerising mixture. Thus, only two propagation 
reactions were to be considered. Hence, from equations (13)s
- 39-
k
a
k22
where a is a constant. Thus, the ratio of the rates of 
addition of the two monomers to tho growing chains will be 
given by:
Tiais ratio of the rates will of course give directly the 
chemical composition of the copolymer when tho initial 
concentrations of the monomers are [M^ ] and [Mg]• This 
expression received some verification from tho work of Marvel 
(J. Amer. Chem. Soc., 6J+ (19*+2) 2356; 6g (19^ 3) 205^ ; 66 (19*+0
2135). Subsequent work, however, indicated that a varied 
considerably with the initial monomer ratio. A more 
comprehensive treatment was therefore required.
The theory of copolymerisation which is now generally 
accepted was developed independently by Alfrey and Goldfinger 
(J. Chem. I'hys., 12 (19*f*0 205)9 Mayo and Lewis (J. Amer. Chem, 
Soc., 66 (19M+) 159*0 and by Wall (ibid. « 20 50). In each case 
it was assumed that the process involved long chains and that 
monomer consumption could bo discussed solely in terms of the 
propagation process. The assumption was also made that growing 
chains had a very short life in order that tho stationary state
aCM^ l
a[Mj
(1*+)
method could be employed to derive expressions for the 
concentrations of the active centres. The original expressions 
of Dostal (loc. Git.) were considered to describe adequately 
the propagation processes. Rewriting these expressions!
kll
M£ -j- .. . i ^ M£
k.
MI + M2 --------- * M2
12
k.22
M. + M ----  » M*
k
21
Mg +  M --------- > M’
then in tho steady state of copolymerisation each type of free 
radical is maintained at a certain concentration, hence,
k12 ^ 2}  ~ k21 M^2^
k [M 1
i.e., [M'] s 12 2 [Mi] . . . . .  (15)
k21 M^d
The rate of consumption of monomer is given by! 
d[M ]
 —  ~ klx [M£] [M1] •+■ k21 [M|] [Mp (16)
dt
and for monomer
-1+1-
Hence, tho ratio of tho rates of consumption of the monomers 
(i.e., the chemical composition of the copolymer) is given bys
d*-Md  „ h i  h i  . . . (is)
d[Mg] k12 [Mp [M2] + k22 [Mp [M2]
Eliminating [M®] from equation (18) hy use of equation (1?)
r „ m i  [m,] [mj
d[M1] [ M p  k12 1 2
d[Mj “ DCT ~
2 • _  [MJ -i- [M-]
k21
2 L‘T
P utting.
then.
rT = and r s 22
k k12 21
d[Ml] „ ^2. rl [M1] ^ [M2] . . .  (19)
d[M2l [M2] r2 [Mg] -f [M1]
This is the final copolymerisation equation and was 
first established for the system styrene - methyl methacrylate 
by Mayo and Lewis (Jo Amer. Chem. Soc., 66 (193+1+) 159*+). It 
has been confirmed repeatedly by subsequent investigations.
Equation (19) relates the composition, d[M^]/d[Mp], of 
the copolymer being formed at any instant, to the concentrations, 
[M^ ] and [M^], of the polymerising mixture, by means of two
-1+2-
parameters, r^ and r2, the monomer reactivity ratios. By the 
use of some form of the copolynorisation equation, these 
parameters may he evaluated simultaneously, from the 
experimental quantities derived from at least two experiments 
employing different initial monomer concentrations (see below)* 
The monomer reactivity ratios represent the ratios of the rate 
constants for the reaction of growing chains, with given 
terminal monomer units, with their own type of monomer and with 
the second type of monomer*
In Fig0 2.1, curve A represents the shape of a plot of 
equation (19) when r^<C 1 and r^  >  1, that is, when monomer 
is the more reactive with hoth types of free radicals, the 
composition of the copolymer is determined mainly hy r^ over 
practically the whole composition range. When r^  '> 1 and 
r^  <. 1 (curve C) the reverse is the case$ monomer is the 
loss reactive with hoth types of free radicals and the copolymer 
composition is determined mainly hy r^ . Curve B represents the 
case when hoth r^  and r^  are less than unity. Here, monomer M2 
will react preferentially with free radicals of the type M*, 
whereas monomer will he more reactive than monomer M2 with 
radicals of the type M^ , and there will he a tendency for the 
monomer units to alternate along the copolymer chains. It can 
he seen that this curve crosses the *+5° line. At this point of 
intersection tho initial composition of the copolymer is 
identical with that of the original monomer mixture. Wall
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(Jo hmer. Chem. Soc„, 66 (19^) 20^ 0) has termed tho product 
represented by this point an 1azeotropic1 copolymer. Fron 
equation (19) j putting dCM^l/dfMg] a
rl + ^ 2}  2
i,e'’ E H  ~ r2 ~ 1 .........  (20)
[M2] rx - 1
The conditions for the production of an azeotropic copolymer 
would also he satisfied if both the monomer reactivity ratios 
were groator than unity. This, however, implies that each of 
the monomers reacts preferentially with its own typo of radical 
and so the tendency would bo to form a mixture of polymers and 
not a copolymer* This situation is represented by Curve D in 
Fig, 2.1. However, no such case has yet been found. In the 
extreme case, that is, when r^  s rg s 0, each monomer will react 
only with a free radical of the other type and a completely 
alternating copolymer is produced.
In the further special case where tho reactivities of 
the two monomers are the same towards both radicals,
r^  a Tg a lj and from equation (19)
d[M1] _ [Mj]
<1[M2] [ip
Here, the composition of tho initial copolymer will he the same 
as the monomer mixture for all concentrations of the monomers.
In this typo of copolymerisation, the monomer units will he 
placed completely at random along the chains.
When equation (20) is not obeyed, that is when there 
is no tendency towards alternation, the more reactive monomer 
will be consumed more rapidly and the initial copolymer 
molecules will be richer in this constituent. As the 
copolymorisation proceeds, therefore, the composition of the 
monomer mixture will drift and become richer in the less 
reactive monomera Hence, copolymer molecules formed in the 
later stages of the reaction will become richer in this 
component. At high conversions, therefore, the product will 
consist of a heterogeneous mixture of molecules of widely 
differing composition and any analysis will necessarily give 
only an average composition. Because of the unknown extent of 
monomer composition variation, the copolymerisation equation (19) 
can only be applied when the composition of the copolymer is 
known at low conversions (of the order of 2%) when the drift in 
relative monomer concentrations will be negligible. • Stockmayer 
(J, Chem. phys,, JL3l (19*+5) 199) has shown that different 
copolymer molecules formed from the same monomer mixture have 
almost the same composition and that the distribution of this 
composition about the mean can be expressed by a sharp Gaussian 
distribution curve.
DETERMINATION OF MONOMER REACTIVITY RATIOS
It has already heen stated that the copolynorisation 
equation only correlates the composition of tho copolymer 
formed in the initial stages of the reaction with the initial 
monomer composition, and hence is only valid for conversions of 
the order of 1-2$* In order to evaluate the monomer reactivity 
ratios experimentally it is necessary to prepare at least two 
copolymer specimens employing different initial monomer 
concentrations in each case and then, so long as the conversion 
is low, using some form of the copolymerisation equation. In 
one method, a numhor of copolynerisations are carried out and a 
plot similar to Fig, 2,1 made. Values of r^  and rg are then
arbitrarily chosen and theoretical copolymer composition curves 
plotted. The curve having the best fit to that obtained 
experimentally then yields the true values for the monomer 
reactivity ratios. Normally, however, a graphical method is 
used, employing a rearranged form of the copolymerisation 
equations
copolymerisation, values of r^ can be found using arbitrary 
values of r^ . In this manner, a plot of r^  versus r0 can be 
optained as a straight line® Further straight lines are
(21)
which expresses r^ as a linear function of r^ . From any one
- 1+ 6 -
yielded by othor copolymerisations® These plots should, in 
theory, intersect at one point, that is, at the point 
representing the actual values of the monomer reactivity ratios# 
In practice, however, there are a number of intersections which 
define an area® This area is characteristic of the errors 
involved in the determination of the monomer reactivity ratios® 
It is also possible to employ this equation with a fair 
degree of accuracy at higher conversions, if the average 
copolymer compositions and monomer compositions are used, 
analysis of the copolymer automatically yields an average 
composition and if the conversion is known accurately, the 
monomer composition at the end of the reaction can easily be 
found# The average of this and the initial monomer composition 
can then be substituted, together with the average copolymer 
composition, in the copolymerisation equation in order to 
evaluate r«^ and r^ ®
A more accurate method of evaluation for use at higher 
conversions was devised by Mayo and Lewis (J. Amor. Chom# Boc#, 
M  (19^0 159*+) 'who integrated the copolymerisation equation 
and obtained the expressions
a
1 - r2
1 ' rlr2
(1  -  ^
J-f7~
which may he arranged and simplified to;
[M21 1 1 -  p ( [ M , ] / [ M ?] )
log — £ -2 . - _ log--------- i  i ---
[M2] p 1 - p ([M1]a/[M2]0)
rq a --- - • • o * o  \c.cL)
T mTI 1 -  p ( [ M , ] / [ M ?] )
log — i_2 + log -------- i  £---
[M-j] 1 - p <[M1]0/[M2]0)
where [M»] and [M~] are the initial monomer concentrations-1 o 2 o 7
[Mx] and [Mg] aro the concentrations of the unreacted
monomers when the reaction has "been stopped,
and ,
1 - r
S3 1   (23)
This equation again expresses r^ as a linear fimction of 
r^  in terms of a parameter p. Low conversions are not essential 
with this method of calculation* They are, however, advisable 
since the higher tho conversion, tho more nearly will the 
average copolymer composition approach that of the initial 
monome r mixtur e *
For each copolymer specimen, the values of [M^], [Mg], 
[M^]q5 and [Mg] are substituted in equation (22), Then, 
arbitrary values of p (e.g., -2, -1, 1, and 2) are chosen and 
the corresponding values of r^ calculated. From equation (23), 
relating p to r^  and r , values of r^  corresponding to each 
chosen value of p can bo found. Thus, for a certain number of 
p values there will be a corresponding number of values for r~
J+8-
ancl r • A graph of r^ versus is then plotted for each 
copolymer, straight lines resulting* Again, these lines should 
intersect at a point, representing the actual values for the 
monomer reactivity ratios© In practice, however, an area of 
intersection is obtained which is again characteristic of the 
errors involved in the determination,,
THU RELATION BETWEEN THE MOLECULAR WIGHT OF POLYMER 
MOLECULES AND THE VISCOSITY OF THEIR SOLUTIONS
A characteristic property of solutions of long-chain 
nolecules is their high viscosity*
Tho difference Between the viscosity of a polymer 
solution rj, and that of the pure solvent is expressed as a
fraction termed the specific viscosity rj tsp
5 \  ~ 1
where is the relative viscosity. The specific viscosity is
mlm
dependent upon the concentration of the solution hut is rarely 
exactly linear with it©
Einstein (Ann. Physik, 12 (1906) 289$ 2 k (1911) 591) has 
shown that for a suspension of colloidal particles, the viscosity 
%  rof the suspension relative to that of the solvent r\ 9 is a 
linear function of the volume fraction and is independent of 
the particle sizes
i \ / %  s T|r s 1 + 2.5
i0e.3 r)r -  1 s  tj s  2.5 35
For solutions of polymer nolecules, as opposed to colloidal 
suspensions, it was found useful to apply the concepts of the
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Einstein equation and to define the intrinsic viscosity. In
order to define such a quantitys it is necessary to take the
initial slope of the curve of t| versus c, that is,sp
where [ n l0 is the limiting intrinsic viscosity and is related 
to the intrinsic viscosity thus
The logarithmic form (Kraener, Ind. Eng. Chen.5 (1938) 200)
and extrapolation until c-*0 involves a smaller numerical change6 
Concentrations are normally expressed as grams per 100 ml* 
of solution, and thus a solution obeying tho Einstein equation 
should have an intrinsic viscosity of 0.025v, where v is the 
specific volume of the solute. It is found, however, that the 
intrinsic viscosity of polymers such as cellulose, natural 
rubber, and polystyrene are of the order of one hundred times 
as greato It can thus be concluded that chain-like 
macromolecules have a much greater space-filling power than the 
particles of a colloidal suspension. It is also found that the
U1 o ([n]o>o-*0
W 0 C
is less dependent on concentration than the expression q^/c.
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intrinsic viscosities of polymer molecules, unlike those of the 
colloidal sols or the globular proteins which obey Einstein1s 
equation, are very dependent on their molecular weight.
Expressing concentration in the form of grams per 100 ml. 
of solution, the intrinsic viscosity divided by 0.025 yields 
the '’hydrodynamic specific volume” of the polymer molecules at 
infinite dilution. Hence the intrinsic viscosity would be 
expected to be a measure of the shape and size of the polymer 
molecule in solution.
Compared with the high temperature-dependence of the 
viscosity of liquids, the intrinsic viscosity of polymer 
molecules is not very much affected by temperature changes.
Where a change in temperature affects the shape of the molecule 
in solution, for example, by allowing it to become more or loss 
coiled, then the intrinsic viscosity will vary with temperature* 
The shape of the polymer molecules in solution will also 
be affected by the nature of the solvent. In good solvents, 
where there is little or no heat of mixing, the molecules will 
assume approximately the configuration they would have in free 
space. In poor solvents, a flexible molecule will tend to curl 
up and so decrease the intrinsic viscosity, hlfrey, Bartovics, 
and Mark (J. hmer« Chem. Soc., 6V (19^ 2) 1557) showed that the 
intrinsic viscosity of a polymer solution decreased as more 
non-solvent was added until the precipitation point was reached# 
Staudinger (’’Die hochmolekularen organischen
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Verbindungen,” J. Springer, Berlin, 1932) was among tho first 
to recognise the importance of viscosity measurements for the 
determination of molecular weights of high polymers. He 
postulated that the intrinsic viscosity of a polymer solution 
was proportional to the molecular weight W, of the polymeri
[ t|l 3 KWc
where K is a constant for a homologous series of polymers and 
is independent of the molecular weight. On this assumption,
K could he determined for very low polymers by a comparison of 
viscosity measurements with the molecular weight determined by 
a suitable osmotic or cryoscopic method. Then, a single 
viscosity measurement would be sufficient to determine a higher 
molecular weight in the range where other methods fail.
Staudinger believed that this law applied to all linear polymers 
and that the linear relation between intrinsic viscosity and 
molecular weight indicated that such molecules were in the form 
of rigid rods in solution. Although early work tended to verify 
Staudinger1s equation, improving techniques brought to light 
many serious deviations. From interpretations of light- 
scattering data of polymer solutions and theoretical 
considerations of tho hydrodynamic theory of intrinsic viscosity, 
it is now believed that a chain molecule in solution adopts a . 
more or less random kinked shape.
Of the alternative relationships which have been
postulated, the one most favoured seems to he that introduced 
by Houwink (J. pr* Chen. , 157 (19*+0) 15) J
[t)]c = ICWa
Where K and a are constants for a given polymer, solvent, and 
temperature* This expression has been found to hold over wide 
ranges of molecular weight with an average value for a of 
approximately 0.66.' Bartovics and Mark (J* Amor* Chem* Soc.,
65 (19*4-3) 1901) and Carter,. Scott, and Magat (ibid., 68 (19*+6) 
1*4-80) have shorn that this value is exact for such polymers as 
natural and synthetic rubber. From theoretical considerations 
a should have lower and upper limits of 0.5 and 2.0$ the value 
of 2*0 applies when the molecule is in the form of a rigid rod. 
Fikentscher and Mark (Kolloid Z., *±2 (1929) 185) and Kuhn (ibid., 
62 (193*0 2) pictured the randomly coiled polymer molecule as 
acting like an Einstein sphere. Such a coil would contain 
solvent;molecples as well as segments of the polymer chain so 
giving a swollen molecule which was considered to be equivalent 
to afi''"Einstein sphere* On this basis, the intrinsic viscosity 
was considered to be proportional to the square root of the 
molecular weight, thus giving 0.5 as the lower limit for a.
With a low molecular weight it was shown that a became .unity and 
the Houwink expression reduces to the Staudinger' form.
POLYMERISATION OF UNSATURATED PHOSPHONATES
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THE POLYMERISATION OF UNSATURATBD PHOSPHONATES
At the present time there is only a limited literature 
relating to the polymerisation of unsaturated phosphonates.
Isoprene- and butadienephosphonic acids have been 
prepared by Kosolapoff (U.8.P*, 2,1+395 576/19^8), and polymerised 
by heating with benzoyl peroxide* The corresponding diethyl 
esters polymerised similarly* Lindsey (U.S*P*5 23^ 39?21^/19^8) 
investigated the copolymerisation of dimethyl l-propene-2- 
phosphonate with styrene, ethylene, and methyl methacrylate*
It was found that the phosphonate entered the copolymer to a 
limited extent only* However, no comprehensive study of the 
copolymerisation at different molar concentrations was carried 
out* Marvel and Wright (J. Polymer Sci*, 8 (1952) 255) further 
copolymerised this monomer with butadiene, methyl acrylate, 
methyl vinyl ketone, and acrylonitrile. In all cases, the 
phosphorus-content of the copolymers (again prepared from one 
initial monomer mixture only) corresponded to a low entry of 
the phosphonate monomer* These authors also copolymerised 
1-phenylvinylphosphonic acid with methyl methacrylate and 
acrylonitrile, copolymers containing approximately 0*5$ of 
phosphorus being obtained*
Further purely qualitative work has been carried out by 
Kamai and Kukhtin (Doklady Akad* Nauk S.S.S.R., 8£ (1953) 309). 
These workers prepared a number of phosphonate esters from the 
Arbuzov rearrangement between a trialkyl phosphite and a
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haloester, yielding compounds of the type, R*CO CH^PCO)(OR)^.
In most cases, R* s allyl and R was a variety of alkyl groups. 
Such compounds were found to polymerise to varying degrees in 
the presence of a peroxide initiator. When R* a vinyl and 
R s ethyl, only the dimer was formed. Similarly, Harman and 
Stiles (U.S.P., 2,601,520/1953) prepared diallyl alkyl- 
phosphonates and polymerised these by heating with 1/ of 
di-tert-butyl peroxide for 20 hours at 115° when clear glasses 
were obtained. Coover and Dickey (U.S.P., 2,636,027/1953) 
obtained substantially the same results with similar materials.
The majority of polymerisable phosphonates have been 
prepared by way of the Arbuzov rearrangement5 however, 
dialkenyl arylphosphonates were prepared by Shokal and Whitehill 
(B.F., 6*+5,222/1953) from the reaction between an alcohol and 
an aryl phosphonyl chloride. Such compounds were polymerised 
either by heat alone or with 2/ of a peroxidic initiator.
Other polymers containing phosphonate units have been 
prepared by phosphorylation of existing polymers. Thus Marvel 
and Uright (J. Polymer Sci., 8 (1952) *+95) prepared such 
polymers by reacting a polymer containing a carbonyl group with 
phosphorus trichloride followed by hydrolysis with acetic acid 
and waters
CH— CH,2 PCI3 —  CH— CH2—
c~o
Acetic acid 
and water HO — C— PO^Hg
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However, such methods are not surveyed in any detail since only 
polymers derived from monomers already containing phosphorus 
are considered here.
Kabachnik (Bull. acad. sci. U.S.S.R., Classe sci. chim., 
19^ 79 233) who first prepared diethyl vinylphosphonate5 reported 
the polymerisation of this material to a viscous5 resinous 
polymer after heating with 2 - 3/^ of benzoyl peroxide.
Kosolapoff (J. Amer, Chem. Boc. ? 20. (19^ 8) 1971) states that 
diethyl vinylphosphonato possesses ‘’mildly expressed 
polymerisabilityH.
CHUT3R V
DISCUSSION OF RESULTS
PLAN OF WORK
It will have been noted that all the work carried out 
on polymerisable phosphonates has been only of a qualitative 
nature3 except that in some cases? phosphorus-contents are 
quoted. There have been no attempts to assess the 
polymerisation or copolymerisation characteristics of the 
monomers concerned. With this in mind, therefore, a preliminary 
study was made by Matthews (M.Sc. Thesis, 1 $ $ + ) with a view to 
determining these characteristics in the case of one particular 
monomer, diethyl vinylphosphonate.
The present work carries this study further and in 
greater detail, and comprises (a) tho preparation of copolymers 
of diethyl vinylphosphonate with styrene under different 
conditions and a study of the copolymers so formed, (b) 
correlation of molecular weight and viscosity measurements 
(c) the determination of the monomer reactivity ratios for the 
system diethyl vinylphosphonate - styrene and (d) a study of the 
hydrolysis of a particular copolymer having a substantial 
pho sphonate-c ont ent.
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FACTORS CONTROLLING THE COIOLYMEKISATION OF DIETHYL
VINYLrHOSFHONATE
preliminary experiments (Matthews, M.Sc. Thesis, 195^ +) 
employing a fixed ratio of diethyl vinylphosphonate to styrene, 
showed that the entry of the phosphonate into the copolymer did 
not appear to he markedly affected by the initiator 
concentration, temperature of preparation, and period of 
polymerisation.
A more detailed study of this system has now been made in 
order to ascertain the characteristics of such copolymers 
prepared under different conditions. The relation between 
phosphorus-content, percentage conversion, and intrinsic 
viscosity of a copolymer and the temperature of polymerisation, 
initiator concentration, and initial molar ratio at which it was 
formed have been investigated. In order to limit the large 
number of possible combinations of such conditions, a copolymer 
formed under given conditions was selected as an * origin1.• . Fjrom 
this point the initiator concentration, temperature of 
polymerisation, and initial molar ratio were varied, the time of 
heating being maintained constant. The copolymer chosen was one 
formed after 11 hours at 116° from a mixture of diethyl vinyl­
phosphonate and styrene in an initial molar ratio of 1:3 and 
containing 1.65# of tert-but.vl hydroperoxide as initiator.
It was found, during exploratory work, that copolymers 
formed under identical conditions from different specimens of
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cliethyl vinylphosphonate showed variations in conversion and 
intrinsic viscosity. Two complete series of preparations were 
therefore carried out9 hoth using diethyl vinylphosphonate from 
one preparation portions of which were redistilled for each 
series. Tho reaction mixtures (total weight, about 2 g.) for 
each series were prepared at one time and heated either 
simultaneously, for the initiator concentration and initial 
molar ratio variations, or within a short time for the 
temperature variation study.
The polymerisations were carried out in byrex glass tubes 
which, prior to sealing, were flushed out with oxygen-free 
nitrogen. Heating at the chosen temperature was effected by 
means of a vapour jacket containing the vapour of the 
appropriately-boiling liquid.
After the elapse of 11 hours, the products varied from 
viscous liquids to glassy solids. The copolymers were freed 
from residual monomers by precipitation from solution in ethyl 
acetate with methyl alcohol and were thus obtained as powdery 
white solids. This process naturally entails a certain amount 
of fractionation. Results, described below, show that styrene 
is the more reactive monomer and hence, in any copolymerisation 
with diethyl vinylphosphonate, styrene monomer will be consumed 
more rapidly. Thus tho concentration of diethyl vinylphosphonate
j
will increase as the copolymerisation proceeds, and so copolymer 
molecules formed in the later stages of the reaction will
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contain progressively more phosphonate units. The latter will 
render these molecules more hydrophilic than those containing 
an excess of styrene units and they will thus become more 
soluble in the precipitant, methyl alcohol* Another cause of 
fractionation, closely allied to this, is the removal of 
copolymer of low molecular weighty such chains may not only be 
present because of early termination, but also because of the 
presence of chains having a comparatively large number of 
phosphonate units, whence they are insufficiently active to 
promote the formation of long chains. A graph of conversion 
versus intrinsic viscosity for all copolymers prepared in this 
investigation indicates that only those copolymers having an 
intrinsic viscosity of greater than approximately 0.1 will be 
isolated by the precipitation technique employed. Hence the 
conversions given in Tables 5.1, 5.2, and- 5»3 are conversions 
to copolymer of sufficient molecular weight to give a value for 
the intrinsic viscosity of greater than 0,1. Evaporation of the 
clear mother liquors from these isolations did give a further 
yield of copolymer which, however, in most cases consisted of a 
highly viscous mass. No investigation was made on these • 
so-called oligopolymers, it being considered sufficient that, for 
the purposes of this study, attention be confined to the 
comparatively high molecular weight copolymers.
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(a) Effect of temperature variation
For this study, copolymers were prepared under conditions
of fixed initiator concentration (1.53 - 1.7**#) and fixed
initial molar ratio of diethyl vinylphosphonate to styrene of
o o o
1:3. Five different temperatures were chosen: 80 , 100 , 116 , 
133°, and I5*f°. The third temperature, 116°, is that at which 
the ’origin' copolymer is formed.
Change in conversion is shown in Fig. The curves
have a maximum at about 112°. The increase in conversion up to 
this temperature is obviously due to an increased rate of 
reaction resulting in the production of more copolymer in the 
fixed reaction time of 11 hours. It is also reasonable to 
suppose that the decomposition of the catalyst occurs at a 
higher rate as the maximum is approached. Although this would 
result in a large number of free radicals being generated in a 
certain time which would in turn decrease the average molecular 
weight, it may be deduced that the rate of dissociation of the 
initiator is not such that the cliain-length is shortened to the 
extent that tho copolymer will become appreciably soluble in 
methyl alcohol. At higher temperatures, however, the conversion 
decreases markedly, most probably due to the formation of an 
increasing number of short chains because of the higher 
concentration of free radicals at the more elevated temperature. 
A second phenomenon which may contribute to the decrease in 
conversion is the occurrence of a certain amount of degradation
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proceeding simultaneously with polymerisation. The removal, 
during precipitation, of copolymer of molecular weight 
insufficient to give an intrinsic viscosity of greater than 0.1 
is implied hy this fall-off in conversion.
Fig. 5 *5 shows the effect on the intrinsic viscosity of 
an increase in temperature. The decrease is consistent both 
with the occurrence of degradation and the formation of short 
chains due to an increased free radical concentration. As the 
temperature increases so the intrinsic viscosity approaches the 
minimum of 0.1.
The phosphorus-contents are substantially constant as 
shown in Fig. 5.6. Those copolymers prepared at 100°, 116°, 
and 133° contain aiproximatoly of phosphorus, those prepared
at 80° and 15 ^ ° contain a somewhat lower amount. It may be 
significant that these curves have the form of a very much 
flatter version of the conversion-temperature curves. The 
possibility arises, therefore, that the phosphorus-content is to 
some extent dependent upon the conversion. This is not 
unreasonable since, at lower' apparent conversions, more 
copolymer containing a higher proportion of phosphorus-containing 
units is removed by the isolation procedure. This would have 
the effect of lowering the average phosphorus-content of that 
copolymer which was precipitated.
(b) Effect of initiator concentration
Two series of copolymers were prepared at a temperature 
of 116° and from an initial reaction mixture containing diethyl 
vinylphosphonate to styrene in a molar ratio of ls3. Initial 
concentrations of tort-butyl hydroperoxide were varied over the 
range of 0.75 - 5*1? based on the total weight of monomers.
The effect on percentage conversion is shown in Fig. J.l. 
It will be seen that the conversion decreases with increasing 
initiator concentration. Since the isolation procedure is 
constant, this may be ascribed to the fact that, at higher 
initiator concentrations, more chains are initiated in a given 
time and hence tho effect will be to produce short chains at the 
expense of long chains. This, of course, is in accord with basic 
polymerisation theory. These shorter chains will have different 
solubility characteristics from the longer ones and will indeed 
be more soluble in the precipitating medium - in this case 
methyl alcohol. Thus only those polymer chains long enough to 
be insoluble in the solvent mixture employed will be 
precipitated and this will give rise to a lower recorded 
conversion. In a reaction mixture having a low initiator 
concentration, longer but comparatively fewer chains will be 
produced. These two effect will tend to equalise each other and 
will account for the small initial slope of the two curves.
Fig. shows that, in both series, there is also a 
corresponding decrease in intrinsic viscosity with increasing
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initiator concentration. Sach series is self-consistent, but 
in the second the values are higher than the first. This 
decrease is again to be expected on the basis that the longer- 
chain polymer produced with a low initiator concentration will 
have a higher intrinsic viscosity than the shorter-chain polymer 
prepared employing a higher initiator concentration.
Phosphorus-content (Fig. 5.3) varies little with 
initiator concentration, there being a slight fall with 
increasing concentrations. The initial mole ratio of the two 
reacting monomers is the same in each case, hence, once the 
chain has been initiated by the catalyst fragment, the 
competition of the chain-end for either styrene or diethyl 
vinylphosphonate monomer will not be affected by the presence of 
more or less catalyst. The slight fall may, however, again be 
due to the removal, during isolation, of some of the short-chain 
copolymer of higher phosphorus-content, formed at higher 
initiator concentrations and advanced stages of reaction, so 
lowering the average phosphorus-content for such copolymers.
(°) Fffect of initial molar ratio variation.
The third and final series of copolymers was prepared 
under conditions of fixed initiator concentration (1.59 - 1«77# 
-tert-butyl hydroperoxide) and temperature (116°) but with 
variation of the molar ratio of diethyl vinylphosphonate to 
styrene from ls9 to 1:1.
As the styrene concentration in the initial reaction 
mixture increases so there is a corresponding increase in the 
percentage conversion (Fig* 5*7)<> Irevious work (Matthews, M.Sc 
Thesis, 195*0 has shown that diethyl vinylphosphonate has a 
marked disinclination to self-polymerise (see below). Hence 
copolymerisation mixtures having a high concentration of styrene 
will naturally favour the production of both longer chains and 
chains having a high styrene content. Both these properties 
will cause the copolymer to he highly insoluble in methyl 
alcohol. The opposite situation arises when the initial 
reacting mixture contains a comparatively high proportion of 
diethyl vinylphosphonate, when copolymer molecules having a 
higher proportion of phosphonato units will be formed. This 
will cause the copolymer molecule as a whole to become more 
hydrophilic and it will thus be more soluble in methyl alcohol 
so causing a decrease in the recorded conversion.
Fig. 5«S shows that there is an increase in intrinsic 
viscosity with increasing styrene concentration in the initial 
reaction mixture (one anomolous value excepted). This may be 
ascribed to the fact that such copolymers will have longer 
chain-longths, whereas copolymers formed from reaction mixtures 
containing a high phosphonate concentration will have much 
shorter chain-lengths because of the lower reactivity of diethyl 
vinylphosphonate compared with styrene.
In the range of initial phosphonate concentrations
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employ ed 5 there is a regular increase in phosphorus-content of 
the resultant copolymers with increasing diethyl vinylphosphonate 
in the reaction mixture, of from 1.5 to b 0 5?? equivalent to the 
presence in the copolymers of from 18.6 to 5,0 styrene units per 
unit of diethyl vinylphosphonate (Table *f.l and Fig. 5*9*)« 
Expression of these results in the form of a plot of the mole 
fraction of diethyl vinylphosphonate in the reaction mixture 
versus the mole fraction of this monomer in the resultant 
copolymer would yield a curve of the general shape of Curve C in 
Fig. 2.1, Such a plot would not of course be valid for the 
calculation of monomer reactivity ratios, which would be 
legitimate only at low conversions. It does, however, yield 
preliminary evidence of the fact that the monomer reactivity 
ratio for diethyl vinylphosphonate is less than that for styrene 
for a copolymerisation system of these two monomers.
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TABLE lf.1
COPOLYMER MOLES STYRENE 
PER MOLE DSVP 
IN MONOMERS
MOLES STYRENE 
PER MOLE DEVP 
IN COPOLYMER
23a 1,00 5.^ 0
2*fb l.OQ ^,80
25a 1.73 6,30
26b 1.73 60 20
27a 5.20 11.30
28b 5.20 12# 90
29a 9*00 19.30
30b 9«00 17.60
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MOLBCULAR WBIGHT DETERMINATIONS
The weight-average molecular weights, ¥, of a selected 
number of the copolymers prepared in the above experiments were 
determined by means of light-scattering measurements,, The 
turbidities of toluene solutions of the copolymers were measured 
in a Brice-I hoenix light-scattering photometer. From these 
values, together with refractive index measurements, the weight- 
average molecular weights of the copolymer samples were 
calculated as shown in Chapter 5.
It has already been stated that molecular weight and 
intrinsic viscosity are connected by the relation:
[ rj] - k l a
where k and a are constants. Hence,
log [t)]_ • a log k 4- a log ¥
and a plot of log [rjl versus log ¥ should be linear. In
addition, the slope should yield a value for n and the intercept
on the log CO. axis should give k. Such a graph has been c
plotted from the data of Table and is shown in Fig. 5»l5*
It can be seen that this graph is substantially linear and it is 
therefore justifiable to derive from it values for k and a.
These values ares k a 5«90 X 10 and a s 0.7785* Hence, 
for the copolymerisation system styrene - diethyl .
vinylphosphonate9 the weight-average molecular weight of a 
copolymer and its intrinsic viscosity in toluene solution at 
25° are related hy the equation!
[t)] = 5.90 X 10-5 ^jO-7785
C
Values of the weight-average molecular weight calculated from 
this expression, together with the experimental values are 
shown in Table k 02 9
The linearity of the plot (Fig* 5*15) gives an 
indication of the apparent lack of branching in the copolymer 
chains. Alfrey, Bartovics, and Mark (J. Amer* Chem. Soc., 65 
(19^ 3) 2319) have shown that with styrene the values of k and a 
depend on the temperature of polymerisation, which they interpret 
as resulting from various degrees of branching of the polymer 
chains. However, the plot of Fig. 5.15 consists not only of 
copolymer samples of differing compositions but also of specimens 
prepared at widely differing temperatures. Temperature, 
therefore, does not appear to influence the degree of branching 
in this particular system.
The copolymer specimens subjected to light-scattering 
measurements were substantially unfractionated, that is, the 
only fractionation which occurs is that during isolation, when 
copolymer of insufficient chain-length to give an intrinsic 
viscosity of greater than approximately 0.1 is removed.
Cleland and Stockmayer (J. Polymer 3ci., 11 (1955) *+73)
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TABLE k.2
COPOLYMER
No. W
("r n ^ 
_  k
3a
- ---------------qpt,.........-
38,500 3^,900
5b ^0,000 35,650
6a ■v 29,^00 26,100
7a 28,200 27,300
lib 33,900 3^ 5 700
12a 16,000 15,600
l*+a 38,500 38,600
16a 36,^00 33 >00
19a l>+,700 1^,900
21a 1^,300 1^,000
27a(i) 28,200 27,500
27a(ii) 2 7 > 0 0 27,500
28 b 55,600 57,300
29a * + 5 , V o o kk, >+00
made a similar investigation with unfractionatod 
poly(acrylonitrile)0 In this case, weight-average molecular 
weights, as determined by light-scattering measurements, were 
converted to viscosity-average molecular weights. If 
Staudinger's original relation between intrinsic viscosity and 
molecular weight were correct, these two averages would be 
i d ent i c al. Thus, let ~ 1) be the viscosity increment of 
the ith« polymer component in solution, then
(t] — 1). s K c. m.T 1 I I
where m. is the molecular weight of this component at aJL
concentration of c^ .
Now,
\  - 1 = - Uj. =
and
k ^  Cl
n„ - i
[»i3C
\  _ -1"
c-*0 ^  c±
1
Since c^  is proportional to the weight fraction, w^ , of the 
ith. species,
where ru is the number of the ith. type molecules. Now by 
definition, the weight-average molecular weight is given ass
2
?  n. m.
Viw
i
n. m.1 l
and hence, if Staudinger!s law is obeyed, the intrinsic 
viscosity will yield a weight-average molecular weight. 
However? if the Houwink expression holds, then a different 
average molecular weight, W^ , termed the viscosity-average 
molecular weight is obtained. It may bo similarly shown that
[r)] k
> n. m. 1 1
a + 1
n. n.
1/ a
and when a becomes unity, this equation reduces to that obtained 
above.
Such a correction, as made by Cleland and Stockmeyer 
(loc. cit.), is necessary only if it is desired to differentiate 
strictly between the two molecular weight averages. That a is 
not unity for the styrene - diethyl vinylphosphonate system
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certainly indicates that W and W_ differ for this systemsw Tj
however, it is emphasised that the equation of p. 69, derived 
from Fig. 5«.15, gives the empirical correction between 0
and W for the present series of copolymers.
DETERMINATION OF MONOMER REACTIVITY RATIOS
In the section dealing with copolymerisation, the 
copolymerisation equation (p. Ifl, equation 19) was derived.
The two parameters r^ and r^ - the monomer reactivity ratios - 
may he obtained by use of this equation so long as the 
percentage conversion of monomers to copolymer is kept very 
small. For the present purpose it was found more convenient to 
carry the conversion to a higher value and to employ the 
integrated form of the copolymerisation equation.
At least two copolymer preparations are required, the 
initial reaction mixtures containing widely differing 
concentrations of the two monomers® Since the degree of 
conversion must be accurately known, the precipitation procedure 
adopted above was not used, since, although a constant amount of 
fractionation could possibly bo allowed for, this would entail 
the use of constantly changing solvent and precipitant 
compositions. The latter would naturally depend on the degree 
of conversion (unknown) and hence it is not possible to obtain 
a reliable quantitative isolation by this means. The procedure 
was therefore adopted of pumping off the excess monomers. The 
apparatus. Fig. 5.16, was so designed that both the 
polymerisation and the isolation could be carried out in the 
same vessel in order to eliminate losses due to transfer. Thus 
copolymerisation, initiated by tort-butyl hydroperoxide, of the 
two monomers, in accurately known molar concentrations, was
allowed.to proceed to approximately 5 0 / conversion. The excess 
monomers were then removed by evaporation under 0.5 nun. pressure, 
followed by a process in which tho solvent was removed from a 
frozen benzene solution of the copolymer, yielding the latter 
as a porous, white solid which was finally subjected to 
evaporation to constant weight.
Four such preparations and isolations were carried out 
employing progressively increasing concentrations of diethyl 
vinylphosphonate. From the data so obtained and taking as 
styrene and as diethyl vinylphosphonate, values of r^  and 
r£ were calculated from the integrated copolymerisation equation 
and plotted as shown in Fig. 5»17» It will be seen that the 
’’area of intersection” falls, to a considerable extent, on the 
negative sido of the r -axis. Since a negative monomer 
reactivity ratio is theoretically impossible, the value of r^  
is taken as zero. The value of r^ , taken as the centre of 
gravity of the area of intersection, is 3«25— 0.12.
For the purpose of explaining the possible reasons for 
some of the intersections occurring on the negative side of the 
r^-axis, reference is made to Fig. 2,1. It has been stated 
above that the system styrene - diethyl vinylphosphonate would 
be represented, at low conversion, by a curve of similar form
to Curve C in this diagram. The initial portion of this curve
is very flat, that is, a substantial increase in the
concentration of diethyl vinylphosphonate in the monomer
mixture results in only a small increase in the amount of this
monomer unit incorporated in the resultant copolymer. The
concentration of diethyl vinylphosphonate in the initial monomer 
mixtures from which copolymers were prepared for the 
determination of the monomer reactivity ratios varied from 0.07 
to O.^ f mole fraction. Thus only the initial part of the 
copolymer composition curve has been utilised. The phosphonate 
content of the copolymers ranges from 0.0^ to 0.18 mole 
fraction; that is, there is a substantially lower increase in 
phosphonate content of the copolymer than in the corresponding 
monomer mixture. Because of this, the initial part of the
curve will be insensitive to a precise value of r2 and hence a
precise determination of r^ would not be expected in these 
conditions.
The values of r^ and r^ , 3®25±0.12, and zero, 
respectively, imply that, when the monomers are present in 
equimolar proportions, chains terminating in a radical derived 
from styrene react 3*25 times as frequently with styrene monomer 
as with diethyl vinylphosphonate and that chains terminating in 
a radical derived from the latter monomer react only with 
styrene monomer. Thus, although it is probable that the 
copolymer chains may contain consecutive styrene units, it is 
very improbable that two or more diethyl vinylphosphonate units 
will be adjacent.
There aro three possible factors which will influence
the polymerisability of diethyl vinylphosphonate: 
stabilisation, steric hindrance, and polar effects
(i) Resonance stabilisation
resonance
Diethyl vinylphosphonate monomer may be assigned the 
following four mesomeric structures:
The adduct radical formed by an attack of R° on diethyl 
vinylphosphonate nay he assigned the following mesoneric 
structures;
•-.G
RCH„— CH— P —  OEt 
2 \ 'OEt
(V)
o
0s
/
RCH — ■CH— p- OEt 
2 \
''OEt
(VIII)
<r
• A
-> RCH„—  CH—  P -oat 
2 \
OEt
(VI)
A
^  RCH,
0
/
-CH —  p— OEt
OEt
+
(VII)
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Now the pgj.yi2}erisability of a monomer CH^^CHX is influenced by
ivx
the capacity of the substituent X, to accomodate a single 
electron in one or more mesomeric forms in addition to the form 
exemplified by (V). Should such accomodation take place in one 
or more ways then these additional mesomeric structures will 
yield an adduct molecule which is substantially resonance 
stabilised. The activation energies of initiation and 
propagation are thereby reduced by the contribution which such 
structures make to the transition state in these processes.
Such is the case with, for example, styrene,, the mesomeric 
structures of the adduct radical of which are shown on p. 16. 
These structures are all of comparable energies and hence will 
all make a substantial contribution to the actual state of the 
adduct radical. Hence, the styryl radical is very stable and 
comparatively unreactive. In contrast, the radical derived 
from vinyl acetates
0
II
RCH2—  CH— 0 —  C - CH^
is much less stabilised by resonance and thus the adduct 
radical is unstable and reactive. Because of this lack of 
resonance stabilisation, the formation of a vinyl acetate 
radical is a more difficult process than the formation of a 
styryl radical. It appears therefore that a compromise must be 
made between lack of resonance stabilisation and consequent
- 8 0 -
reactivity, and appreciable resonance stabilisation coupled 
with inactivity of the adduct radical5 a monomer which forms 
a radical with great facility will be, because of this, in all 
probability rather unreactive and propagation may not take place 
readily, and, conversely, a radical which is only formed with 
difficulty is liable to be unstable and reactive. In this case, 
however, propagation will only proceed with ease if the radical 
is still sufficiently reactive to add to a further monomer 
molecule. It would appear that, on this basis, the radical 
derived from styrene although formed easily is still 
sufficiently reactive to add to further styrene monomer 
molecules in the propagation process and so cause facile 
polymerisation. Summarising, therefore, it can be said that the 
self-propagation of styrene (unreactive radical plus reactive 
monomer) may be quite comparable in rate with the self­
propagation of vinyl acetate (reactive radical plus unreactive 
monomer). However, in a copolymerisation system of these two 
monomers, where vinyl acetate monomer and styrene monomer must 
compete for the same free radicals, the greater reactivity of 
styrene monomer is reflected in the monomer reactivity ratios - 
JO for styrene and 0,01 for vinyl acetate.
Referring to the mesomeric forms of diethyl 
vinylphosphonate listed above, it will be observed that 
structures VIII to XI involve a carbon-to-phosphorus double 
bond. However, a search of the literature has revealed a record
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of only one compound formulated as containing such a bond$ the 
following pentaphenyl compound is given by Staudinger and Meyer 
(Helv. chim, Acta, 2 (1919) & 35) as
is formulated-by Pinck and Hilbert (J. Ainer, Ghem, Doc,, 6^ 
(191-*-7) 723) as a phosphonium zwitterion. It is inferred, ■ 
therefore, that there is some obstacle to the formation of a 
carb.on-phosphorus double bond. Hence it follows that the
phosphonic ester group is incapable of accomodating a single
electron, and thus stabilising and facilitating the formation of 
radicals VIII to XI, Duch a process is, therefore, one which 
requires a considerable amount of activation energy. Once 
formed, however, a diethyl vinylphosphonate radical should, 
because of the lack of resonance stabilisation, be fairly 
reactive and, in.the absence of hindering factors, propagation 
should proceed comparatively readily. The observed difficulty 
of polymerising diethyl vinylphosphonate alone is thus most 
probably due to steric factors.
Ph3P = CPh2
The analogous fluorenyl compounds
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(ii) Steric hindrance
It is considered possible that steric hindrance of a 
type similar to that encountered in the polymerisation of 
1,1-disubstituted ethylenes may be a cause of this difficulty. 
Consider the addition of a diethyl vinylphosphonate monomer 
molecule to a growing chain-ond:
H
v
+■
V.-H
c:
•p°3Et2
Then, as the distance between and decreases, the 
substituents on will begin to fold backward from a planar 
configuration (with the Cg ~ bond) toward a tetrahedral 
arrangement. In the transition state there will be negligible 
steric hindrance between the substituents of and even if 
the bond angle - C^ - is somewhat less obtuse than that 
required by a tetrahedral configuration, Ls the substituents 
of form such an arrangement, however, they may come into
contact with the substituents of C^. This is particularly so 
in the case of a 1,1-disubstituted ethylene and could 
conceivably occur in a mono-substituted ethylene if the 
substituent was at all bulky. Such contact would only occur in 
the final product since, in the transition state, these groups 
would still be widely separated. Inspection of scale models of 
a diethyl vinylphosphonate radical chain-end, and of diethyl 
vinylphosphonate monomer, show that it is sterically possible 
for the two to approach closely, but that, in the conformations 
required for such approach, the oxygon atoms of the two 
phosphonate groups are brought into close proximity. Hence 
electrostatic repulsion may oppose reaction between a diethyl 
vinylphosphonate radical chain-end and a molecule of diethyl 
vinylphosphonate monomer.
In the copolymerisation of diethyl vinylphosphonate and 
styrene, the addition of the former monomer to a chain 
terminating in a styryl radical will be loss sterically 
hindered than the corresponding addition to a diethyl 
vinylphosphonate chain-end.
Thus there will be a smaller probability that the phenyl 
groups attached to and (see over) will come into contact, 
when the substituents of form a tetrahedral configuration, 
than if the substituents were phosphonate groups. For the same 
reason, the addition of styrene to a chain terminating in a 
diethyl vinylphosphonate radical will be less sterically
hindered than the addition of diethyl vinylphosphonate monomer 
to such a chain.
H
/ \
C
1
H H
+•
6 5
H
‘P0~Et_ 
3 2
This reaction will probably, however, be more sterically 
hindered than the addition of styrene to a chain terminating in 
a styryl radical.
(iii) Polar effects
Mayo and Walling (J. Arner. Chem. Soc., 2 8 (19^ 8) 1529) 
have suggested that electronic characteristics would explain 
the differing copolymerisation tendencies of substituted 
ethylenes CHX. These authors have related the structure of
such ethylenes to their.ability to accept or donate electrons# 
For example, styrene and butadiene possess substituents (phenyl
- 8 5 -
ana vinyl respectively) which have a strong tendency to donate 
electrons to the double bond. The copolymerisation of these two 
monomers yields a product having a random chain structure (that 
is, r^r2 approximates to unity)0 On the other hand, if one 
monomer, for example, styrene, contains an electron-donating 
substituent and the other, for example, maleic anhydride, 
contains an electron-accepting substituent, then the copolymer 
formed is predominantly alternating in structure (that is, r^  
and r2 both approximate to zero). It was also suggested that 
the existence of special resonance forms in the transition state 
would explain the alternating tendency of systems of the styrene 
- maleic anhydride type. In this case, contributions to the 
stability of the transition state are furnished by the donation 
of an electron from the styrene double bond to maleic anhydrides
It was then assumed that the attraction between the positively 
and negatively charged portions leads to alternation. Similar 
structures have been proposed for the styrene - methyl 
methacrylate system, where, however, the tendency to alternation 
is much less marked. It is conceivable, therefore, that such
CH ■CH
0
2
H
0
/
I XI = 0  
L. H
- 8 6 -
electron transfer may take place to a certain extent with the 
styrene - diethyl vinylphosphonate system. Structures of the 
following type would be expected from a styrene and a diethyl 
vinylphosphonate molecule:
which would lead to preferential addition of diethyl 
vinylphosphonate to styrene.
Price (Jo Polymer Sci., 1 (19^ 6) 835 3. (19li-8) 772) has
postulated that copolymerisation will occur most readily between 
monomers which contain an electron-rich and an electron-poor 
double bond, respectively, He assumed that the attraction 
between the positive and negative entities facilitates 
copolymerisation, probably by decreasing the activation energy 
for chain propagation. These views are applicable, as follows, 
to the present instance. The phosphonate group nay be 
considered to be electron-attracting, since
4*
CH— CH,2 H
C — CIi,2
Etc/ OEt
r — p'— 0H
\ O^H
is acidic
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//
0
CH p=CH-^— P— 013*b
\
ost
with consequent electron-depletion of the double bond. 
Similarly, the double bond in styrene may be considered to be 
electron-richs
r *
CH— CHo
A
When these electron-novemonts are applied to the present 
copolymerisation, we haves
& H*
■CH-— CH-*-P(0) (OEt),
\ / \
a-CH2~ C H
a  I
CH- CH— P(0) (OEt)
CH„ —  CH
2 I (I)
V
'88
CH2 . /,> CH,2 CH (II)
5-t-
CH —  CH-»-P—  0 
2 /  \
OEt OEt OEt OEt
The one-sided arrows indicate the single electron-movements 
which take the initiative in bond-formation, These electron- 
movementSj since they occur at the commencement of the 
interaction, are to be classified as electromeric movements 
induced at reaction-time. It is seen that in both (I) and (II) 
styrene and its radical are electron-releasing and diethyl 
vinylphosphonate and its radical are electron-attracting.
-89-*
THE HYDROLYSIS AND VISCOSITY PROPERTIES OF A STYRENE - DIETHYL
VINYLPHOSPHONATE COPOLYMER
(a) Preparation of copolymer
The apparatus shown In Fig, 5 *1 6 was employed. The 
copolymer was formed from a reaction mixture containing 
approximately 0.06 moles of styrene and 0.1 moles of diethyl 
vinylphosphonate. Polymerisation was carried out under nitrogen 
at 116° with tert-butyl hydroperoxide as initiator. After 32% 
hours of heating, the excess monomers were pumped off - the 
freeze-drying technique being found unsuitable for a preparation 
of this size - to yield the product as a soft but brittle mass. 
It contained of phosphorus and had an intrinsic viscosity
of 0.026 in toluene.
(b) Hydrolysis
Hydrolysis with hydrobromic acid was effected by 
dissolving the copolymer in toluene and heating this solution 
under reflux with the constant-boiling acid. The product was 
isolated by pouring the mixture into water and decanting the 
toluene layer. Normal sodium hydroxide solution was added to 
the aqueous suspension and warmed, when complete solution of the 
copolymer occurred. The copolymer was reprecipitated with 
hydrochloric acid. After a second reprecipitation from alkaline 
solution the product was washed and dried to yield a light grey,
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non-hygroscopic powder. The copolymer was found to contain 
7.80$ of phosphorus. The equivalent weight, derived from the 
quantity of decinormal sodium hydroxide solution neutralised 
by the copolymer, was found to be 277.5®
The copolymer so obtained was insoluble in toluene, 
ethyl acetate, and water. This is clearly due to the 
hydrophilic character of the vinylphosphonic acid units now 
incorporated in the chain, the number of which is, as stated, 
sufficient to render the copolymer soluble in dilute alkali.
The original styrene - diethyl vinylphosphonate copolymer 
contains 9* *+8# of phosphorus which is equivalent to the presence 
of 50.18# of diothyl vinylphosphonate units. Hence in 100 g. of 
the copolymer there is ^9.82 g. of styrene units. Complete 
hydrolysis would therefore yield a copolymer containing
50.18 X 108 ^  _ 33.05 g. of phosphonic acid units.
I6*f
The weight of hydrolysed copolymer which would yield 108 g. of 
vinylphosphonic acid units is •
108 e 9 . S 2 +  3 3 . 0 5 )  g >  ,  270.3 g .
33.05
The theoretical phosphorus-content of the hydrolysed copolymer 
is therefore
31 x 100 = 11.1*5*
270.8
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Thus the method). p£ hydrolysis employed involves some loss of 
phosphorus-containing units.
Now, the actual phosphorus-content of the hydrolysed 
copolymer is 7*80#. Hence the weight of copolymer containing 
g. of vinylphosphonic acid units (that is, the weight 
containing 15»5 g. of phosphorus) is given by
1 5 - 5 * 1 0 0 8. = 198.7 g.
7.80
This value is the theoretical equivalent weight.
Two aspects of the chemistry of the poly-acid have to be 
considered: the loss in phosphorus on hydrolysis and the
difference between the observed equivalent and that calculated 
above.
Possible sources of loss of phosphorus are (a) chemical 
hydrolysis or elimination of phosphonic acid groups from the 
carbon-chain and (b) by fractionation - the polymer molecules 
richest in phosphonic acid groups would be expected to be the 
most hydrophilic and therefore the least readily precipitated 
on acidification of the alkaline solution of the polymeric acid. 
Sufficient data is not yet available to enable a choice to be 
made between these alternatives.
The equivalent found experimentally, 277®5? is 
considerably larger than that calculated above, 198.7? and 
indicates that two acidic OH-groums are not available for every
-92-
atom of phosphorus present. Two explanations are possibles
(a) incomplete hydrolysis of the ethoxy groups or (b) anhydride- 
formation between phosphonic acid groups on the same or 
different chainss
I I ! i
G — PO (0II)o 4~ (HO)oP0 — C -* C-P0(0H)-~0~P0(0H)-C
I  ^ ^ I ! *
Marvel and Wright (J. Polymer Sci., 8 (1952) *+95) have evoked 
anhydride formation, as above, to explain the insolubility in 
chloroform of certain polymers, containing phosphonic acid units, 
which they had prepared by the action of phosphorus trichloride 
on carbonyl-containing polymers (see page 55)*
Judged on the basis of the acidic hydrolysis of monomeric 
diethyl vinylphosphonate, hydrolysis would have been expected 
to be complete, but the steric situation in a polymer is more 
hindered than for a monomer® It is not at present possible to 
assess the relative importance of (a) and (b).
THE VISCOSITY BEHAVIOUR OF THE HYDROLYSED DIETHYL 
VINYLPHOSPHONATE - STYRENE COPOLYMER
(a) At varying pH
An approximately 3# solution of the copolymer in 
decinormal sodium hydroxide solution was employed, equal 
portions of which were acidified with varying amounts of dilute 
hydrochloric acid, and the concentration of copolymer
maintaine constant by bringing to a standard volume with further 
decinormal sodium hydroxide. The pH of each solution was then 
measured using platinum and calomel electrodes5 the intrinsic 
viscosity was measured, and a graph of pH versus intrinsic 
viscosity plotted (Fig. 5.19)® Duplicate determinations were 
made •
The graph shows that there is a regular decrease of 
intrinsic viscosity with decrease of pH. At high pH values the 
poly-acid will be almost fully ionised and there will thus be 
a high concentration of negative charges along the chain. Each 
charged segment will therefore repel its neighbour, extending 
the chain and increasing the intrinsic viscosity. At low pH 
values, ionisation of the poly-acid will be suppressed and the 
repulsion will decrease, causing the chains to coil up in a 
more compact form, so lowering the intrinsic viscosity.
(b) At varying concentrations
An approximately 2.%  solution of the hydrolysed 
copolymer was prepared in decinormal sodium hydroxide solution. 
The intrinsic viscosity of this solution, and others prepared 
from it by successive dilution, was determined. Each 
measurement was followed by a pH determination. The latter 
values remained substantially constant over the whole range of 
dilution. A plot of intrinsic viscosity versus concentration 
was made and is shown in Fig. 5°18* It should be noted that,
although expression of these results is in terms of intrinsic
viscosities calculated hy the Kraemer formula (page 50), which
involves a smaller numerical change with concentration, the plot
of rj /c versus concentration is similar in shape to Fig. 5.18. sp
The effect of an increasing amount of added sodium 
chloride on the intrinsic viscosity of the copolymer at a single 
concentration (approximately 1#) is shown in Fig. 5*20. The 
value corresponding to zero added salt is also shown as an open 
triangle (£.) in Fig. 5»l8, and it can be seen that this is in 
adequate agreement with these values. Added salt would normally 
be expected to lower the intrinsic viscosity and although there 
is a slight decrease with increase of salt concentration, this is 
almost negligible
The effect of added salts on the viscosity of 
polyelectrolytes has been interpreted (Arnold and Overbeek,
Rec. trav. chim., 6£ (1950) 192$ Kuhn, Kunzle, and Katchalsky, 
Helv. Chim. Acta, 31 (19^ 8) 199^ ? Fuoss and Strauss, Ann. N.Y. 
Acad. Sci., 51 (19^ 9) 836) as a coiling up of the molecules by 
a diminution of the electrostatic repulsion between the like 
charges on the polymer due to the presence of gegenions.
However, Houyet (Compt. rend., 23^ (1952) 152) and Butler, Conway, 
and Jones (Trans. Far. Soc., 20 (195^ ) 612) have shown that 
added salts have no effect on the intrinsic viscosity of 
deoxyribonucleic acid. Thus the negligible effect of such 
additions to the present hydrolysed copolymer is not an isolated
instance*
L curve of similar shape to that shown in Fig, 5° 18 has 
been obtained for sodium poly(methyl methacrylate) by Conway 
(J. Polymer Sci*, 18 (1955) 257)« However, the sharp drop in 
viscosity was noted only at very low concentrations - of the
-5order of 5 X 10 g./ml* - whereas in the present case such a 
decrease occurred at concentrations of approximately ^ X 10 
g*/ml* which is regarded as only a moderately low concentration* 
Eisenberg and Pouyet (J* Polymer Sci*, 13. (195*0 85) have also 
reported that in very dilute solutions the viscosity of 
polyelectrolytes decreases markedly. These observations are a 
contradiction of the postulates of Fuoss and Strauss (loc* cit.) 
who state that the viscosity of a polyelectrolyte increases with 
increasing dilution according to the expression?
rn /c 3 A/(l +- B )
whore L and B are constants* Although this expression has been 
found to hold over a wide range of concentrations, it appears to 
break down in general for very dilute solutions and in 
particular with the present hydrolysed copolymer* There is at 
present no definite theory to explain the diversions from the 
above expression and the scope of the above experiments does 
not permit a comprehensive explanation of the observed phenomena*
It will have been noticed that there is a serious 
discrepancy between the intrinsic viscosities, at comparable pH
values, determined in the dilution runs and in the pH-variation 
runs* Thus, in the former experiments the intrinsic viscosity 
of the copolymer in a solution of approximately 0.8$ 
concentration and pH 9*2 is 0.062. The intrinsic viscosity as 
determined in the pH-variation runs with a solution having a 
similar concentration and pH value is 0.032. An experiment 
designed to check this anomoly was carried out by preparing two 
copolymer solutions having concentrations of approximately 0*76$ 
and pH 9, the solvent in one case being such a volume of 
decinormal sodium hydroxide that, on final dilution to standard 
volume, pH 9 was given, and in the other, a larger volume of 
decinormal sodium hydroxide adjusted by addition of decinormal 
hydrochloric acid.so that pH 9 was -attained. The results so 
obtained confirm those found previously and are illustrated by 
solid triangles (A) in Figs, 5 <>18 and 5*19* It is seen, 
therefore, that an apparently small difference in the method of 
preparing the solutions has a profound effect on the intrinsic 
viscosity of the copolymer even at comparable concentrations 
and pH values. It is significant that the higher value for the 
intrinsic viscosity is given by that solvent containing only 
sodium hydroxide in which suppression of ionisation by addition 
of acid cannot have occurred. The solvent prepared from acid 
and alkali would also contain some sodium chloride5 as 
indicated above, however, the presence of this salt has only a 
negligible effect on the intrinsic viscosity. The precise
-97-
reason for the above viscosity-difference is obscure and a far 
more comprehensive study, beyond the scope of- the. present work, 
of such viscosity behaviour is, required for its elucidation.
CHAPTER
EXPERIMENTAL
V
SECTION
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SYSTEMATIC INVESTIGATION OF Tig. COi OLYMERISATION BEHAVIOUR 
OF DIETHYL VINYLIHOS1HONATE WITH STYRENE
(a) Preparation of copolymers
The monomers, with tert-butyl hydroperoxide as initiator, 
were weighed into chromic acid-cleaned lyrex glass tubes. After 
being flushed with nitrogen, the tubes wore sealed and heated at 
the chosen temperature for 11 hours. The temperatures chosen 
were: 80°' (benzene), 100° (water), 116° (n-butyl alcohol),
133° (ethylbenzene), and 15*+° (anisole). Heating was carried 
out in a vessel surounded by a jacket filled with the vapour of 
the boiling liquid.
(b) Method of isolation
After heating, the tubes were splintered under ethyl 
acetate (redistilled, 20 ml.). The polymer solution was freed 
from glass by filtration and the residue washed with further 
ethyl acetate ( 2 X 5  ml.). The solution was then poured slowly, 
with stirring, into methyl alcohol (redistilled, 225 nl.). 
Residual polymer solution was washed in with a further portion 
of ethyl acetate (15 ml.). The suspension was filtered through 
a sintered glass crucible, the polymer was washed with methyl 
alcohol (*f X 50 ml.) and dried over calcium chloride in vacuo. 
From the weight of polymer the percentage conversion was 
determined.
-99-
(c) 1 hosuhorus contents
A detailed account of the method of determination 
employed is given in Appendix I.
(d) Intrinsic viscosities
All measurements were made on 1% toluene solutions at 
25°C. The method of calculation is given in Appendix II*
(e) Effect of initiator concentration
I olymerisations were carried out at 116 employing 
monomer mixtures containing 3 moles of styrene per mole of 
diethyl vinylphosphonate (i.e., the mole fraction of digthyl 
vinylphosphonate in the reaction mixture is 0.2?)* Initiator 
concentrations were varied from 0-5$ of the total weight of 
monomers. The results are shown in Table 5.1 and graphs of 
initiator concentration versus percentage conversion, phosphorus 
content, and intrinsic viscosity are shown in Figs. 5»1? 5*2, 
and 5*3*
(f) Effect of temperature
Monomer mixtures containing 0.25 mole fraction of diethyl 
vinylphosphonate were heated at the temperatures stated in 
Table 5*2, with approximately 1.6$ of initiator. Duplicate 
preparations were carried out in each case. Graphs of 
temperature of polymerisation versus percentage conversion,
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phosphorus content? and intrinsic viscosity were plotted and are
shown in Figs. 5. 5? and 5,60
(g) Variation of monomer ratio
Duplicate polymerisations with approximately 1.6$ of 
initiator were carried out at 116° with four different mole 
fractions of diethyl vinylphosphonate. The results are shown 
in Table 5.3 and graphs of the moles of styrene per mole of 
diethyl vinylphosphonate in the initial reaction mixture versus 
percentage conversion, phosphorus content, and intrinsic 
viscosity are shown in Figs. 5.7? 5*8, and 5*9»
LIMITING INTRINSIC VISCOSITIES
An approximately 2% solution of the copolymer in toluene 
was prepared in a 20 ml. standard flask, /^iscosity 
determination was carried out on this solution. Toluene (10 ml.)
was pipetted into a second 20 ml. standard flask, which was
made up to the mark with the 2% solution, and a second 
measurement made. The procedure, leading to a 0.5£ solution, 
was repeated. A graph of concentration versus intrinsic 
viscosity was plotted and is shown in Fig. J.10. The 
extrapolations to infinite dilution, Cn3_ are given in 
Table
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TABLE U +
COPOLYMER CONC. IN 
g•/100ml.
2.082 0.227
2a 1.0^1 0.232 0.230
Oc 521 0.231
2.021 0.150
8a 1.011 0.11+9 0.150
0.505 0.1^9
2.061 0.196
13b 1.031 0.198 0.195
0.516 0.195
2.012 0.255+
29a I0O06 0.262 0.258
0.503 0.26*+
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THE ESTIMATION OF MB I GET - AVERAGE MOLECULAR WEIGHT BY LIGHT-
SCATTERING MEASUREMENTS
(a) Description of instrument
The ■ instrument employed was the Brice-1' hoenix light-
scattering photometer. The light source was a high pressure,
“7stabilised mercury lamp, light of wavelength 5^ 6.1 X 10 cm. 
being used for all the measurements.
The layout of the photometer is shown schematically in 
Fig. J.ll. By means of the lens system, L^ and L29 and the 
rectangular diaphragms, D^ , D2? an(3- ^ 35 an approximately parallel, 
but slightly diverging, light beam passes through the scattering - 
cell, SC, and is absorbed in the light trap, T. The emergent 
beam, after passing through two further rectangular diaphragms, 
and Dj, is picked up by a photo-multiplier tube, M,
(preceded by an opal glass diffusor, (0), mounted on a rotatable 
arm, A, which is fixed to a disc, D, graduated in degrees. The 
arm. A, also carries a working standard, W, consisting of a 
piece of flashed opal glass combined with a neutral filter of 
approximately 6 per cent transmittance. The sensitivity of the 
photomultiplier is controlled by a Variac in the high voltage 
supply and the output is indicated by a sensitive galvanometer.
The scale of the latter is adjusted mechanically to read zero 
for the photo-multiplier dark current* The sensitivity of the 
galvanometer can be adjusted and is normally set at maximum,
OJ
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the amplitude of the deflections being controlled by a suitable 
photo-multiplier sensitivity setting and choice of neutral 
filters, F^ , F^ , F^ , and F .
In Fig. 5.11, the detector(photo-multiplier tube) is 
shown in a position 90° to the incident light boan and as such 
measures the intensity of the light scattered by the solution 
(in cell SC) in this direction. When the disc, E>, is turned to 
the 0° position, the detector views the light source directly 
through the solution and the working standard, W* The latter 
automatically moves into the light beam between the source and 
the cell when the disc is rotated to the 0° position.
It can be shown that, with this photometer, the 
absolute turbidity, "t , is given byj
Z  * l6^ o  T D  F a . \ f  GS .
3(1.0^5) h Rc \ Gw Gw /
where, is the refractive index of the solvent.
G /G is the average observed ratio of - galvanometer s w
deflections for the scattering solution at 90° (to the 
incident beam) to that for the working standard (plus 
neutral filters) at 0°.
G°/G° is the same ratio for the solvent alone, s w
F is the product of transmittances of the neutral filters 
used in determining these ratios.
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a is a constant relating the working standard to the 
opal glass reference standard.
D is a diffusion correction factor.
T is the transmittance of the opal glass reference 
standard.
h is the width of the diaphragm, near the cell.
The factor 1.0^5 is a correction for reflection of the 
incident beam at the emergent face of the dell®
V R C is a correction for incomplete compensation for 
refraction effects and is dependent upon the solvent. 
For the particular instrument employed, and using toluene as 
solvent,
a S3. 0.1620 Fi = 0.529
D as 0.862 F2 a 0.305
T a 0.370 F3 «* O.li+8
h a. 1.20 cm. S3 o,o!+5lf
V R 0 = i.ii
(b) Preparation of solutions
i*n approximately 1% solution of each copolymer, in 
redistilled toluene, was prepared in a 50 ml. standard flask. 
Exactly k-5 ml. of this solution were pressure-filtered through 
a No. 5-on-3 sintered glass filter directly into the photometer 
cell. The hold-up in the filter was found to be very small 
and was neglected. Three further portions of toluene of 10 ml.,
- 108-
20 ml®, and 35 ml., were pressure-filtered into the original 
solution in the cell to give approximately 0.8$, 0.6$, and 0.*f$  
solutions respectively. About 50 ml. of the 0.*f$ solution was 
retained and the remainder discarded. Of this solution, 25 ml. 
were pressure-filtered into the clean cell followed by 25 ml. 
of toluene. To this solution was then added 50 ml. of toluene 
to give an approximately 0.1$ solution.
The cell, containing the appropriate copolymer solution, 
was placed in the instrument and the detector moved to the 0° 
position with all the neutral filters in use. The galvanometer 
deflection (GTr) was noted. The detector was then rotated tow
the 90° position with no neutral filters in use and the
galvanometer deflection (G ) noted. This procedure was repeated&
a further four times, thus giving five pairs of G and Gs w ■
values, the means of which were taken. Blank readings on the
toluene x^ ore also carried out in a similar manner, one set for
each copolymer specimen, to yield galvanometer deflections, G°w
and G°. For each dilution the value of G_/Gtt - G°/G_°r was s s w w
calculated, in all cases the galvanometer sensitivity was set 
at its maximum and the photo-multiplier, sensitivity set at some 
convenient value which was kept constant throughout all the 
measurements with any one copolymer specimen and solvent-blank.
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(d) Refractive index measurements
Refractive index differences were measured on a Rayleigh 
differential refractometer operating at room temperature#
All measurements were carried out with approximately 
0• copolymer solutions, about 15 ml. of each solution and of
toluene being required for each determination. Readings were 
taken when equilibrium had been attained (usually after 1 hour), 
The difference in refractive index between the copolymer 
solution, refractive index yU, and the solvent (toluene)
where, n is the number of interference fringes end is found 
from the instrument micrometer reading by means of a 
calibration curve.
T is the length of the cell (10 cm.).
(e) Calculation
Employing the values of the instrument constants given
2
in laragraph (a) and taking Q as 2.232, the absolute turbidity, 
'X  , is given bys
refractive index , was calculated from
5^ 6 01 -
X a 5*902(Gs/Gw - 0°/G°) X 10-*+
- 110-
Now, to a good approximation,
where, c is 
W is 
B is
and,
where, A  is 
N is
For light of wavelength 5^6.1 X 10 ' cm.,
H = 6.18 X lo"^ X  ^ J
Thus, for each copolymer, values of X and H are calculated 
for each dilution0 k graph of Rc/X versus the concentration, 
c, in g./ml., is then plotted yielding, as intercept, the 
reciprocal of the copolymer molecular weight.
(f) Results >
Refractive index differences for each copolymer are 
given in Table 5. 5*
He 1
—— ”  m 2Bcr w
the concentration of the solution in g./ml. 
the weight-average molecular weight, 
a constant depending on the solvent
32 l T V o  {(/** - / * 0 >/c) 2
3 X** N
the wavelength of the light. 
Avogadro1s number.
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Table % 6 gives a summary of the photometric 
measurements.
Graphs of Hc/T are shown in Figs, 5.12, 5* 13, and •^l1^*
TABLE 5.5
COPOLYMER
yu- / x Q
X XO1*-
CONC. IN 
g./ml.
X 103
{(/“ “ /i0,/c] 2 
2
X 10
3a if. 092 3.89^ 1.0828
5b V. 669 if. if 29 1.1110
6a ■+.369 if. 201 1.08llf
7a if. if 91 V.I83 1.1321
lib !+. 696 if.if31 1.123if
12a if. if 23 *+.202 1.1082
l*fa if. 778 if. 900 1.1276
16a if. if 23 if. 112 1.1970
19a if. 533 if. 108 1.2170
21a if. 56o if. 279 1.1396 ■
27a(i) if. 505 if. 077 1.2212
27a(ii) if. 77 8 if. 292 1.2399
28b if. 669 if. 009
'
1.3 969
29a h . 72k if. 08 5 1.3372
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E
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C0RR3LATI0N OF LIGHT-SCATTERING M0L3CULAR TOIGHTS TOTH 
INTRINSIC VISCOSITY DATA
Using tho relation,
[ty] = KW a
V
where K and a are constants and W is the molecular weight? then
log [rj] = log K 4* a log W :
Tho values of ¥? log W, and log [r]l are given in Table 5*7c o
and the graph of log [rj] versus log W is shown in Fig. 5.1500
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TABLS 5.7
CO­
POLYMER
w ■ log W W 0 log [nlc
3a 38,^60 if. 5850 0.206 -0.686
5b if0,000 if. 6021 0.232 -0.63if
6a 29,^10 if, if68if 0.l6lf -0.785
7a 28,170 if.ifif98 0.170 -0.770
11b 33,900 if. 5302 0.205 -0.688
12a 16,000 if. 20ifl 0.110 -0.959
lifa 38,^60 if. 5850 0.223 -0.652
l6a 36,360 if. 5606 0.199 -0.701
19a l!+, 700 if. 1673 0.106 -0.975
21a 1^,290 if.1551 0.101 -0.996
27a(x) 28,170 if.ifif98 0.171 -0.767
27a(il) 27 , hO 0 if. if3 78 0.171 -0.767
28 b 55,560 if. yif if8 0.303 -0.519
29a ^5,^50 if. 6580 0.2if8 -0.605
LO
G
inin
in
u
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DETERMINATION OF THO MONOMER REACTIVITY RATIOS FOR THE SYSTEM 
STYRENE - DIETHYL VINYLPHOSFHONATE
The apparatus employed is shown in Fig. 5.16. It was so 
designed that both the polymerisation and the isolation of the 
copolymer could be carried out in the same, vessel (A)9 thus 
eliminating transfer losses. Polymerisations were carried out 
at 116° using the vapour of boiling n-butyl alcohol, contained 
in flask (B), as the heating medium.
Isolation was effected by vacuum drying, in preference 
to precipitation, in order to avoid the occurrence of an 
unknown amount of fractionation,
(a) Procedure
For each copolymerisation, the monomers, in the chosen 
ratio, together with approximately 1$ of tert-butyl 
hydroperoxide, were weighed into the tared reaction flaskf the 
air was swept out with nitrogen, and the flask stoppered. The 
vessel was then heated until it was estimated that 50# of the 
reaction mixture had polymerised. The stopper was replaced by 
a tube leading, via three solid carbon dioxide traps, to a 
rotary oil-pump, and the n-butyl alcohol in the flask (B) was 
replaced by acetone. The reaction mixture was then maintained 
at O.J mm. pressure at the temperature of boiling acetone (56°). 
When constant weight had been attained, benzene (redist., 10 ml.)
sFIG. 5.16
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was added to dissolve the copolymer and the solution was frozen 
in a solid carbon dioxide/methyl alcohol bath# The flask (A) 
was then immersed in an ice-bath and the benzene was sublimed 
at 0,5 mm. pressure, leaving the copolymer as a white, highly 
porous material. Pumping at 0.5 mm. pressure was then continued 
at the temperature of boiling acetone until constant weight was; 
again attained. Total pumping times varied from 17 hours to 
227 hours, generally a longer time being required the greater 
the mole fraction of diethyl vinylphosphonate in the reaction 
mixture.
The isolated copolymer was finely ground and analysed for 
phosphorus in quadruplicate (Appendix I). From these analyses, 
the concentrations of the unreacted monomers were calculated 
and are shorn in Table 5®8*
(b) Calculation
The integrated form of the copolymerisation equation 
was employed in evaluating r<^ and r^ from the data of copolymers 
1 to b- (Table 5®8). The plots of r^ versus ^  are shown in 
Fig. 5*17®
- 1 2 0 -
CO­
POLYMER
No.
[Mj 1 0 £M2]o
co-
P0L1MER
g-
PHOS­
PHORUS [H2]
1 0.01770
^..1.........  —
0.00128 1.7101 1.10 0.0022^ 0.00067
2 0.012J2 0.00309 1.2001 2.86 0.0027k 0.00198
3 0.01111 o.ooWi 1.0589 3.6^ 0.002^5 0.00337
if 0.00966 0.00639 1.0518 if. 88 0.00217 0.00^7!+
CM
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PREPARATION OF A HIGH DIETHYL VINYLFHOSPHONATE-CONTENT
COPOLYMER
The apparatus shown in Fig. 5 *1 6 was used for the 
preparation. The following weights of monomers and initiator 
were weighed into the flask (A):
Styrene, g. 6A 906 (i.e., Wp^o 3 0.062)
Diethyl vinylphosphonate, g. l8.8]+06 (i.e., C^ 2^o a
tert-butyl hydroperoxide, g. 0.199^
The air was displaced with nitrogen and the flask heated 
at 116° (n-butyl alcohol in flask B) for 32^ - hours.
The ‘’freeze-drying*1 teclinique as used previously was 
found to be unsuccessful, presumably owing to the larger bulk 
of the product. The monomers were therefore pumped off at
0.5 mm. pressure at 56° (acetone in flask B). Constant weight 
was attained after a total of 8 5 hours. The copolymer (13.59 
53*7^ conversion) was obtained as a slightly soft but brittle 
mass.
A duplicate analysis for phosphorus was carried out as 
described in Appendix I;
Founds F, 9A8$.
The intrinsic viscosity of a toluene solution was:
[r)]_ s  0 .026 . c
HYDROLYSIS OF THE COPOLYMER PREPARED ABOVE
The copolymer (11.22 g.) was dissolved in toluene (50 ml©) 
and hydrobromic acid (60$, 25 ml.) added* The bulk of the 
copolymer was precipitated and remained at the interface. The 
suspension was heated at 115 - 120° for 8 hours, the'copolymer 
becoming molten at this temperature. The reaction mixture was 
poured into water (500 ml.) and allowed to settle. The liquid 
was decanted, normal sodium hydroxide solution (100 ml.) was 
added and the suspension warmed on the steam-bath when complete 
solution occurred. Hydrochloric acid (3 N, 50 ml.) was added, 
the precipitated copolymer filtered off and washed with water 
(5 X 50 ml.), The solid copolymer was redissolved in sodium 
hydroxide solution (0.1 N, 100 ml.'), warmed on the steam-bath 
with decolourising charcoal for 15 minutes and was then ‘
reprecipitated by the addition of hydrochloric acid (3 N, 50 ml*)* |
The copolymer was filtered off, washed with water (5 X 50 ml.)
and dried over calcium chloride in vacuo. The product (5*80 g.) 1
was obtained, after grinding, as a light grey, non-hygroscopic
powder.
Analysis for phosphorus (in duplicate) was carried outs 
Founds P, 7*80/o.
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DETERMINATION OF THE EQUIVALENT WEIGHT 
OF THE HYDROLYSED COPOLYMER
About 0.2 g. of the copolymer was accurately weighed out 
and warmed with 25*00 ml. of standard decinormal sodium 
hydroxide solution. Complete solution occurred. The solution 
so obtained was titrated with standard decinormal hydrochloric 
acid with phenolphthalein as indicator. The equivalent was 
thereby found to be (i) 262 and (ii) 27^+j the mean being 268.
The wide divergence between these two values was 
probably duo to the rather obscure end-poini;. Since the polymer 
solution before titration was pale brown in colour, the change 
from the alkaline pink back to this colour was rather difficult 
to observe precisely. This difficulty was obviated to a large 
extent by dilution of the polymer solution to a point where it 
was almost colourless. In these circumstances a considerably 
better end-point was obtained. The equivalent, so determined, 
was found to be (i) 277 and (ii) 278, the moan being 277*5°
NOTE ON BATCH NUMBERS
In the experiments, below, on the hydrolysed copolymer, 
the Batch Numbers refer to successive recoveries of the 
copolymer. Thus Batch No. 1 refers to the original material 
obtained by hydrolysis. Batch No. 2 refers to the material 
obtained by the addition of an excess of hydrochloric acid to 
alkaline solutions of the copolymer after measurements had been
-12>+-
made on them. Batch No. 3 refers to the recovery of Batch No. 2 
by similar moans.
VARIATION OF JjrO WITH THE CONCENTRATION OF HYDROLYSED11 ' r~" "111,1 es=“*si* o
COPOLYMER
An approximately 2. 5/ solution of the hydrolysed 
copolymer (Batch No. 1) in decinormal sodium hydroxides solution 
was prepared in a 20 ml. standard flask. Viscosity ' 
determinations on this solution, and on further solutions 
obtained from it by dilution, were made. The pH of each 
solution was measured after each viscosity determination. The 
measurements were duplicated with a second specimen of copolymer 
(Batch No, 2). The copolymer concentrations and the 
corresponding intrinsic viscosities and pH values are given in 
Table 5*9? and plots of [qlc versus concentration are shown in 
Fig. 5*18.
VARIATION OF JjqI OF HYDROLYSED COPOLYMER WITH HYDROGEN ION0
CONCENTRATION
A stock solution of the copolymer (Batch No. 1, about 
1.5 g*) in 50 ml. of decinormal sodium hydroxide solution was 
prepared in a standard flask. Portions of 5 ml, each of this 
solution were pipetted into 20 ml. standard flasks. Increasing 
amounts of decinormal hydrochloric acid were added, from a 
burette, to each flask (see Table 5.10) and the solutions made
-125-
TABL3 5.9 
FIRST SST (BATCH Ho. 1)
CONC. %
_____J H l a ......
pH
2.6600 0 .051+2 8.83
1.3300 0.0 566 8.9*+
0.6650 0.0565 8.96
0.3325 o.oi+57 9.1*+
0.1671+ 0.0110 9.00
Q3C0ND SBT (BATCH No. 2)
2.6810 0.0599 9.10
2.0100 0.0600 9.02
1. 5080 0.0608 9.19
1.1310 0.0609 9.16
0.81+81 0.0627 9.21
0.6361 0.0691 9.26
0.1+771 0.0579 9.18
0.3580 0.0566 9.01
0.2683 o»oi+i+6 8.93
0.131+2 0.0069 8.90
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TABL3 5.10
FIRST SET 5.0 ml. STOCK SOLUTION CONTAIN 0.1575 g. 
(BATCH No. 1) COPOLYMER CONC. (20 ml. SOLN.) * 0.78 75^
Ml. OF 0.1021+ N 
NaOH ADDED
Ml.,'OF 0.1137 N 
HC1 ADDED
pH
15.0 0.0 11.88 0.0509
13.0 2.0 11.79 0.01+88
11.0 1+.0 11.61+ C.oi+56
9.0 6.0 9.92 0.0393-
8.5 6.5 9.06 0.0331
8.3 6.7 7.70 0.0298
8.0 7.0 7.^9 0.0298
7.7 7.3 6 .2 b 0.021+6
PERMANENT PRECIPITATION 8.0 - -
SECOND SET 5.0 ml. STOCK SOLUTION CONTAIN 0.1561 g. 
(BATCH Ho. 2) COPOLYMER CONC. (20 ml. SOLN.) = 0.78o5j2
15.0 .0.0 12.02 0.01+60
11.0 1+.0 11.76 0.0M+8
10.0 5.0 11.36 0.0V13
9.0 6.0 10.19 0.0369
8.5 6.5 9.*+3 0.0322
8.2 6.8 8.88 0.0280
8.0 7.0 8.21+ 0.0269
7.85 7.15 6.81+ 0.021+5
7.7 7.3 6.1+1 0.0263
7.5 7.5 5.76 0.0251+ ,
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up to the mark with further decinormal sodium hydroxide
solution. In some cases precipitation of the copolymer occurred
but, with one exception, complete solution occurred on gentle
agitation. The pH of each solution was measured and was
followed by a viscosity determination. A duplicate set of
readings was again made on a second specimen of the copolymer
(Batch No. 2). Hots of [ tj] versus pH are shown in Fig. 5.19*c
EFFECT OF ADDED SODIUM CHLORIDE ON f nl .OF HYDROLYSED COPOLYMER
An approximately 1% solution of the copolymer (Batch No. 1; 
was prepared in decinormal sodium hydroxide solution. The 
intrinsic viscosity of this solution was measured. Successive 
amounts of 'Analar1 sodium chloride were added and the intrinsic 
viscosity measured for each solution. The results are shown in 
Table 5.11, Fig* 5*20, and in Fig. 5*18 where the intrinsic 
viscosity of the solution containing no- added sodium chloride is 
represented as an open triangle (A)
TABLE 5.11
0 = 1 .2b5%
ADDED NaCl, mg.
.
0.0 0.05W
0.052?
I b . x ■0.0522
27.2 0.0501
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FFFBCT OF CHANGB OF SOLVENT CHARACTER ON THE f rjl ^  OF
HYDROLYSED COPOLYMER
The following two determinations of intrinsic viscosity 
were carried out in order to check on the wide divergence of 
intrinsic viscosity, at comparable hydrogen ion concentrations, 
which was observed in the dilution- and pH-variation runs.
Two copolymer solutions, each containing about 0,15 go 
of copolymer (Batch No,. 3) in 20 nil. of solution were made up as 
shown in Table 5.12® Intrinsic viscosity determinations were 
made on each solution and were followed by measurement of pH.
TABLE
SOLUTION CONC. $ SOLVENT
-
pH '
1 0.760?
13.'5 nl. 0.102^ N NaOH 
6.5 ml. 0.1137 N HC1
9.28 0.032
2 0.7590
5.0 ml. 0.102^ N NaOH 
15.0 ml. water
8.35 O.O63
The value of the intrinsic viscosity found from solution 4- 
1 is represented as a solid triangle (A) in Fig. 5.19* That 
from solution 2 is similarly shown in Fig,
-129-
APPENDIX I 
DETERMINATION OF PHOSPHORUS
’Analar’ inorganic reagents were used*
The whole of the copolymer specimen was finely ground by 
means of a stainless steel mortar and pestle5 it is necessary 
that these be of metal, because of the electrification and 
scattering of the copolymer which occurs in, for example, an 
agate mortar* The copolymer (20 mg,) was heated with perchloric 
acid (72y, 5 ml.) in a small Kjeldahl flask, very gently for 
10 minutes, thereafter more strongly until the solution was 
boiling^ after 30 minutes it had become colourless, and heating 
was continued for a further few minutes until it fumed, 
ihosphorus was determined as orthophosphate by the following 
modification of Allen’s method (Biochom. j,, (19^ 0) 858).
Amidol (50 g.)> in solution in water (125 ml.), was 
heated with charcoal (1 g.) and filtered! ethyl alcohol 
(loo ml.) was added and the whole was chilled. The colourless 
crystals of amidol were filtered off, washed with ethyl alcohol 
and dried in vacuo. The reagent solution was prepared daily as 
follows: to a solution of amidol (l.o g.) and sodium sulphite
(NagSO^THy)* 20 g.) in water (60 ml,), sulphuric acid (2.7 ml*) 
in water (20 ml.) was added. Amidol and the solution were 
stored in brown glass bottles.
Ammonium molybdate (*f.l5 %•) was dissolved in water 
(50 ml.), *
' -130-
The cold perchloric acid solution (above) was diluted 
with water to 250 ml.5 to 25 ml. of this solution were added 
perchloric acid (72/’, 3*5 ml.), amidol reagent (If. 5 ml.), and 
ammonium molybdate solution (3*5 ml.), in that order, and the 
whole was diluted to 50 ml. with water, and shaken. After 30 
minutes the absorption of the solution was measured in a Spekker- 
absorptiometer (1 cm. cell, filters having a peak transmittance 
at 700 nija) and that of a blank solution of reagents with water 
also determined. From the difference (solution reading - blank 
reading) the phosphorus-content was road from a graph (a straight 
line) plotted from the similarly-determined readings derived 
from a series of solutions of potassium dihydrogen phosphate.
These solutions wore prepared as follows: a known weight of
potassium dihydrogen phosphate (about 0.6 g.) was dissolved in 
distilled water and made up to 250 ml. in a standard flask.
5 Ml. of this solution were then diluted to 250 ml, with distiller 
water in a second standard flask. Absorption measurements on 
portions of 5? 10, 15? 25, and 35 ml- were then carried out.
The oxidative degradation and colourimetric determination 
were carried out in quadruplicate for the monomer reactivity 
ratio copolymers, and in duplicate for the copolymers from 
variable-investigation experiments. The arithmetic mean 
difference between pairs of duplicate determinations was 0.07/3 
and the average difference of one of the quadruplicate 
determinations from the mean of the set was 0.07m
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APPENDIX II
MEASUREMENT OF INTRINSIC VISCOSITY
All-measurements were made in a No, 1 B.S.S. Ostwald 
viscometer, Flow-times were measured with a stop-watch, the 
average of three readings for each solution being taken. 
Measurements were carried out in a thermostat 
maintained at 25± 0,01° by moans of a mercury-toluene 
regulator operating in conjunction with a ,3unvi6t control. 
The intrinsic viscosity was calculated from the 
expressions
[ T ) ] c  = l0ge
i.e.
2.303(log^Q solution flow-time - log^Q solvent flow-time)
[ t]] c ** - ■- — - - —  —
